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MILLISITE IN PHOSPHORITE FROM 
HOMELAND, FLORIDA* 


J. P. Owens, Z. S. ALTSCHULER, AND ROBERT BERMAN** 
U. S. GEOLOGICAL SURVEY, WASHINGTON 25, D. C. 


ABSTRACT 


. Millisite, (Na,K)CaAl¢(PO4)4(OH)9:3H2O, and crandallite, CaAl;(PO.)2(OH);:H20, 
are major components of the aluminum phosphate zone of the Bone Valley formation of 
west-central Florida, where they occur as a microcrystalline intergrowth composing the 
cement in the altered phosphorite. Formerly known only from concretions at Fairfield, 
Utah, and from the phosphate deposits of Thiés, Sénégal, millisite, like crandallite, is an 
important phase in the paragenesis of lateritically formed aluminum phosphates. 

From optical and «-ray study of the Florida mixture and a comparison with phosphates 
from other localities, it is shown that the Florida material contains millisite rather than 
the structurally related wardite. It is found that all three known millisites give virtually 
identical «-ray patterns and that their unit-cell parameters are ap>=7.00 A and co=19.07 A, 
which differ from those for wardite. 

The aggregate index of refraction of millisite, »=1.63, is higher than that reported for 
type millisite from Fairfield. The aggregate index of refraction of crandallite, 7=1.59—1.61, 
is in the lower range of known eucrystalline crandallite. 


INTRODUCTION 


During the mineralogical investigation of the uraniferous aluminum 
phosphate zone of the Bone Valley formation of Florida, it was found 
that millisite, (Na,K)CaAlg(PO.)4(OH) -3H20, occurred as a major con- 
stituent associated with crandallite, CaAl3(PO,)2(OH)5:H2O, and wavel- 
lite, Als(PO,)2(OH)3-5H20. Millisite has previously been known only as a 
constituent of variscite nodules from Fairfield, Utah, where it was named 
by Larsen and Shannon (1930), and in phosphorites from Sénégal, 
French West Africa, where it was recently found by Vissé (1952). The 
mineralogy and petrology of the Fairfield nodules have been described by 
Larsen (1942). 

The aluminum phosphate zone is principally an alteration of the upper 
clayey part of the Bone Valley formation and as a result is generally a 


* Publication authorized by the Director, U. S. Geological Survey. 
** Present address: Westinghouse Bettis Plant, Pittsburgh 30, Pa. 
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fine-grained intimate mixture of the secondary phosphate minerals, 
crandallite and wavellite, with kaolinite, and quartz sand (Altschuler, 
Jaffe, and Cuttitta, 1956). Millisite was first noted as an unidentified 
phase in x-ray diffractometer studies of the phosphatic cement from 
rocks at several localities in the region. 

In the Homeland mine in the Peace River valley of Florida, millisite is 
the most abundant constituent of the phosphatic portion of the rock, the 
cement interstitial to the quartz grains. This cement is fine grained, 
seemingly isotropic, and apparently homogeneous. Therefore on the as- 
sumption that a single phase was present, x-ray data obtained from it 
were compared with the ASTM standards and with x-ray film patterns of 
other phosphate minerals, including apatite, crandallite, wavellite, and 
particularly the two dimorphous series variscite-strengite and metavaris- 
cite-metastrengite. Metastrengite (phosphosiderite) had been reported 
to compose similar material in an adjoining mine in the land-pebble phos- 
phate field by Hill, Armiger, and Gooch (1950). Upon comparison with 
the minerals known to occur in the Bone Valley formation and secondary 
phosphate deposits, it became clear that the Homeland material did not 
contain metastrengite but was a mixture of crandallite and a member of 
the millisite-wardite group. Wardite, NaAl3(PO,)2(OH)4:-2H2O, and 
millisite, (Na,K)CaAls(PO.)4(OH)9:3H2O, are analogous to crandallite 
with all or half of the calcium substituted for by sodium and some potas- 
sium, and a concomitant decrease in hydroxyl content to balance the 
charge. 

We are concerned, therefore, with demonstrating through x-ray studies 
that the phosphatic cement at Homeland is a mixture containing millisite 
(not wardite) and crandallite, and with determining the quantitative 
mineralogy of the Homeland rock. 


OCCURRENCE AND PETROGRAPHY 


The aluminum phosphate zone is best developed in the Peace River 
area between Bartow and Fort Meade, Florida. In the Homeland mine, 
within this area, the zone is 13 feet thick. Homeland is at the northeast 
corner SW; sec. 33, T. 30 S., R. 25 E., Polk County, Florida. The sam- 
ples studied were taken about 5 feet above the base of the aluminum 
phosphate zone in an east-west cut of the mine approximately 100 yards 
east of Florida State Highway 17. This particular cut is now flooded. 

The sample of ivory-colored phosphate-cemented quartz sandstone 
studied is highly leached and coarsely porous. Its porosity is approxi- 
mately 50 per cent of the volume, and the individual cavities range from 
microscopic pores to holes 1 cm in diameter. A thin, glazed, greenish coat- 
ing of secondary phosphate coats most of the cavities, occurs as septa 
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separating cavities, and is dispersed throughout the rock. In addition, 
goethite occurs as secondary orange-colored patches and as small nodules 
in some of the cavities. Due to the secondary phosphatic and ferruginous 
cements, the rock is indurated, although friable. The bulk specific gravity 
ranges from 1.5 to 1.7. No apatite pebbles were observed. 

Under the microscope the rock is seen to be composed of isolated, 
medium sand to silt-sized quartz grains in a matrix of brown phosphatic 
cement (Fig. 1). The phosphatic matrix is optically isotropic or only 
faintly birefringent, the birefringence being distributed in patches of pin- 


Fic. 1. Photomicrograph of phosphatic quartz (Q) sand containing 
millisite (A) and crandallite (B). Uncrossed nicols. 


point extinction somewhat like that of chert. The index of refraction of 
the matrix ranges from 1.615 to 1.630. Only an aggregate index is ob- 
tainable. Generally the more birefringent material (B=0.003) is asso- 
ciated with the secondary cement, that is, with the greenish coatings 
visible in the hand specimen. In addition, this birefringent material has 
higher indices of refraction, generally from 1.625 to 1.630. The intersti- 
tial matrix is a fine-grained mixture of such birefringent high-index ma- 
terial (1.630) and isotropic low-index material (1.615). All variations of 
this mixture can be seen under the microscope but only the higher index 
material can be isolated in an almost pure state. On the basis of x-ray 
diffraction studies, the material was interpreted to be millisite, as dis- 
cussed later. (See Figs. 2 and 3.) The lower index material was never 
successfully separated but is known to be crandallite from the x-ray data. 

A birefringent deep-yellow to dark-brown material is present as sec- 
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linite. 


ondary crusts or nodules. The mass index of the secondary crusts ranges. 
from 1.70 to 1.80; that of the nodules is as high as 1.93. Goethite was 
found in all of this material by «-ray studies. The lower index material is 
impure and presumably mixed with secondary phosphate minerals. 


IDENTIFICATION OF PHASES PRESENT 


The identification of mixtures of crandallite and millisite or wardite in 
altered phosphorites is complicated by the poorly developed optics and 
the fact that most «-ray diffraction lines of crandallite coincide with lines 
of millisite or wardite, and the diffractometer patterns of millisite and 
wardite differ only slightly from each other. At first, attempts were made 
to separate the minerals by physical and chemical methods. The rock was 
dried at 110° C, crushed, split, and stage-ground to -200 mesh, obtain- 
ing a fourfold concentration of the phosphatic cement by removal of 
quartz, which makes up most of the rock but only 20 per cent of the -200 
mesh concentrate. Splits of the -200 mesh fraction were then centri- 
fuged in heavy liquids and separated magnetically. All separates were 
analyzed by x-ray diffractometer for changes in the relative quantities of 
crandallite and millisite. However, no appreciable concentration oc- 
curred. Differential leaching of crandallite from millisite in HNO; proved 
equally futile. 

The -200 mesh fraction was then sized by air elutriation into 7 frac- 
tions down to <1 wu. The fraction 10-1 « (measured optically), the finest 
phosphatic fraction containing little kaolinite, was processed further by 
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Fic. 3. X-ray diffractometer pattern of millisite, crandallite, 
and millisite-crandallite mixture. 


A= Millisite plus minor amounts of augelite from Sénégal 
B= Millisite-crandallite mixture from Homeland, Florida 
C=Crandallite from Homeland, Florida 
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centrifuging in heavy liquids ranging in density from 2.75 to 2.84. The 
millisite concentration increased progressively, but only slightly, in the 
heavy fractions, with the highest concentration at 2.83. Figure 2 is an «- 
ray diffractometer pattern of this concentrate. It was decided at this 
point that the minerals are mutually interlocked in too fine grained a 
mixture for complete physical separation, and that the phases would have 
to be identified from x-ray diffractometer patterns. 


X-RAY STUDIES 
Nature of Homeland mixture 


As is evident from Fig. 3, which is a comparison of diffractometer pat- 
terns of the Homeland mixture with ferrian millisite (pallite, from Sén- 
égal) and crandallite (from Florida), almost every peak of crandallite 
corresponds in position to a millisite peak. This is further illustrated in 
Fig. 2 which shows that the diffractometer pattern of the mixture con- 
tains peaks of unusual height at all positions where the reflections from 
millisite and crandallite coincide. Among the unique reflections, two 
strong lines are distinctive of crandallite, one at d= 2.95 A, and the other 
at d=4.85 A. Study of these regions at a slow diffractometer speed and 
enhanced resolution (Fig. 4) shows both these peaks to be present. The 
identity of the other phase at Homeland as a member of the wardite- 
millisite group is further illustrated in Fig. 5, a comparison of the film pat- 
terns of the green birefringent material handpicked from the Homeland 
mixture and the millisite from Fairfield, Utah. 


An examination of millisite 


Wardite and millisite have similar x-ray patterns. As noted by Larsen 
(1942) however, they differ in detail, both in d-spacings, and particularly 
in the presence and absence of certain reflections. On this basis they can 
be readily distinguished in x-ray diffractometer patterns. However, the 
determination of which member of this pair is present in the Homeland 
mixture hinges on a comparison with pure millisite and wardite. 

As the millisite from Sénégal, although similar to the Homeland ma- 
terial, is a ferrian variety, inextricably mixed with augelite, and not com- 
pletely analyzed (Capdecomme and Pulou, 1954), positive identification 
of the Homeland material must be based primarily on a comparison with 
Fairfield millisite. Millisite at Fairfield is never separate from wardite 
with which it is very finely interlaminated. It was therefore necessary to 
resort to partial segregations of wardite and millisite, obtained by heavy 
liquid separations of Fairfield material crushed to less than 0.1 mm. The 
material was handpicked according to color from the interbanded aggre- 
gates described by Larsen (1942). The sample was crushed and segre- 
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Fic. 4. X-ray diffractometer pattern of phosphatic fraction 
(Fig. 2) run at $°/min. CuKa radiation, Ni filter. 


gated between liquids of densities 2.83 and 2.87 (Fig. 6, pattern A) to 
guard against minute inclusions of variscite (sp. gr.= 2.57), crandallite 
(sp. gr.=2.92), apatite (sp. gr.=3.18), and quartz. The material was 
crushed further to pass 230 mesh, and centrifuged, in two successive 


Fic. 5. X-ray powder patterns of millisite. The notches above pattern A indicate apa- 
tite lines, those below pattern B indicate quartz lines. A=millisite from Fairfield, Utah. 
B=unknown from Homeland mine, Florida. 
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stages, in heavy liquid of 2.83 and density slightly less than 2.83. The 
first light fraction drawn off is considered to be the purest wardite (Fig.6, 
pattern D). The heavy fraction (Fig. 6, pattern B) was again centrifuged 
in liquid of density 2.83 to yield the best concentrate of millisite (Fig. 6, 
pattern C) and a light fraction that was discarded. ; 

The «-ray diffractometer patterns of the wardite and millisite concen- | 
trates from Fairfield are compared in Fig. 6 with a pattern of pure ward-_ 
ite from Beryl Mountain, New Hampshire (Hurlbut, 1952). It is clear 
from these patterns that wardite and millisite are indeed different. The 
wardite from Fairfield is virtually pure and almost identical with the 
Beryl Mountain wardite. The differences between wardite and millisite 
from Fairfield are clearly demonstrated in the progressive reduction of | 
the intensities of certain wardite peaks in the millisite concentrates, and 
by the introduction of peaks in the millisite concentrates which are either 
absent or weak in the wardite concentrate. 


Millisite at Homeland 


On the basis of the above observations it is possible to identify the 
green birefringent mineral at Homeland specifically as millisite. Table 1 
lists the measured d-spacings of all materials studied. From either these 
data or the diffractometer patterns it can be seen that two reflections 
(d=3.40 A and d=3.92 A; 26 26.2° and 2 6 27.1°, CuKa) characterize the 
Homeland millisite, the Fairfield millisite, and the ferrian millisite (pal- 
lite) from Sénégal (Capdecomme and Pulou, 1954). These same reflec- 
tions are absent in patterns of wardite from Fairfield and from Beryl 
Mountain (Hurlbut 1952). In addition, three reflections at d=3.96- 
3.95 A, 3.11-3.12 A, and 2.54-2.55 A are present on both wardite pat- 
terns but do not appear in patterns of the three millisites. 

Besides this, several of the reflections common to both groups differ 
significantly in d-spacings. This is true for reflections from planes 
hkl= 101, 102, 110, 004, and 200. (See Table 1.) 

It has been impossible to index the x-ray patterns of the Florida and 
Sénégal millisites with the cell parameters for wardite which are given by 
Larsen (1942) and confirmed by Hurlbut (1952) as a)=7.04+0.02 A and 
cy =18.88+0.02 A. Instead, after numerous trials, the cell parameters 
a)=7.00 A and co=19.07 A were chosen. Table 1 shows that the com- 
puted d-spacings based on the new cell parameters are quite similar to 
the measured d-spacings for Homeland millisite and Sénégal pallite (fer- 
rian millisite), and also that the reflections distinguishing millisite at 
d=3.40 A and d=3.29 A fall close to their computed positions, whereas 
they cannot be indexed on a wardite cell. 
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Fic. 6. X-ray diffractometer patterns of wardite-millisite mixture from Fairfield, 
Utah (A-D), and wardite from Beryl Mountain, New Hampshire (I). CuKa radiation, 
Ni filter. A. Initial mixture (sp. gr. 2.83-2.87). B. Heavy fraction from heavy liquid 
(2.83) separation; millisite rich. D. Light fraction; wardite-rich. C. Heavy fraction, second 
separation in 2.83 liquid; richest millisite. 


MINERAL COMPOSITION 


Owing to the impossibility of separating the fine-grained phosphatic 
mixture in the Homeland rock, and to the uncertainty of optical approxi- 
mations of composition in replacement mixtures of this type (Fig. 2), it 


556 


J. P. OWENS, Z. S. ALTSCHULER AND R. BERMAN 


TABLE 1. INTERPLANAR SPACINGS (A) OF MILLISITE, WARDITE, PALLITE, AND CRANDAL- 
LITE FROM X-RAY POWDER DIFFRACTION PATTERNS (CUKa@ RapiaTION, Ni FILTER) 


Wardite, 
Beryl Wardite, Pallite, | Crandallite, | Crandallite, 
Mountain, Utah Millisite, Millisite, Florida Sénégal Florida Utah 
Nee (diffrac- Utah (film) (diffractometer) (diffrac- (diffrac- (diffrac- 
(diffrac- tometer) tometer) tometer) tometer) i 
tometer) 
d d 
Ge ae Ded ate Wier (ateas vs ea ant 1s mee 
656255 2 ©2608) 52 6.6 4 101 6.606 6.583 — 2 6.60 2 
Bal 2 5.68 2 5.68 1 102 5.644 5.646 1 5.64 il 5268) 2 Ree 2 
5,01 4 5.04 3 4.98 4 110 4.950 4.953 1 4.95 1 
4.82 3 4.82 i ) 111 4.84 4.794 10 4.86 10 4.86 2) 4.86 2 | 
410 4.76 5 Ke 10 VB} 004 4.796 4.769 10 4.79 9 
4.73 10 4.72 7 103 4.732 4.708 10 4.73 10 
Srattloy 3} 3.95 4 
3.93 2 3.93 4 3.93 3B 113 3.917 3.908 2 3.91 1 
3.47 4 3.48 4 3y4SeieS 200 3.506 3.499 3 3.50 2 3.49 1 So 2 
3.40 3 114 3.414 3.434 2 3.43 2 
SR yy 3.36 4 MOS Se) SSM) 43 SROS aes 
3.29 2 202 553)2 290) 3290s 3.29 2 
Shop lik 5 i007 5 
3.09 8 3.09 9 3.09 6B 211 3.099 3.091 4 3.09 4 
3.04 5 3.03 4 203 3.074 3.067 4 3.06 4 
2.99 7 3.00 9 2.98 8B 2129 2979's 25047 0 2.98 10 2.98 5 2.98 tS} 
2.90 3 295.010 2.95 10 
2.83 4 2.83 7 204 2.840 2.822 5 2.82 5 
2.81 8B 213 2.813 2.809 8 2.81 8 
0 Ou 2.70 1 2.11.0 era 
2.63 1 2.62 $ 
PAS ~ Y 2300 9 2.59 3 205 2.578 2.580 2 Dehcy. 9} 
Dei He NS St 
Di & 
2.42 3 DVS © 2.433. 2.2422 2 2.42 2 
DS ik DAD it ecyh  ¢ 
2.38 1 
Dori 3 
eek ty seis: 1 mon 1 22S 2 iG04 eo ROOn ee De ON eee 
2.30 4 
220” || 52250 ee Ie Nl 8} 
ily 7 Zio LOPe el Deif al eas 
DONS 1 
QeALSs Ss eal, 8} Drath VB 
Dell 2 
2.076 4 2:09" 2 VB) 225 23083 2.077 1 2 OSue of 
2.06 1 
2.03 4 2.036 4 
2.02 4 
2.006 4 | 1.998 3 305 1.993 1.993 1 1,903 eut 
1.969 1 1.965 4 
1303 ue Teun ee OS mney 
1.895 3 1,395.3 
1.87 4 1880 92. 
1.84 3 1.84 1 
B =broad. 


VB =very broad. 
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TABLE 1 (Continued) 


Wardite, 
Beryl Wardite, Pallite, | Crandallite, | Crandallite, 
Mountain, Utah Millisite, Millisite, Florida Sénégal Florida Utah 
N. H. (diffrac- Utah (film) (diffractometer) (diffrac- (diffrac- (diffrac- 
(diffrac- tometer) tometer) tometer) tometer) 
tometer) 
d d 
o u @ £ g “ hkl (meas.) (calc.) I g y @ u g f 
Polen 3: ATR 4 307-1787 —1.772 1 
(UAPRSS. es 1.7552 oomeez 
150555) 2 
€=1.599 €=1.584 €=1.590 
w=1.590 w=1.602 n= 1.63 n=1.64 n=1.59 @=1.631 
Cell dimensions from Lar- —1.61 
sen (1942) and Hurl- 
but (1954) 
a= 7.04+0.02 A a= 7.00A 
co=18.88+0.02 A co=19.07A 
9:69 =1:2.7242 


has been necessary to calculate the mineral composition from the chem- 
ical analysis given in Table 2 (column 1). The contributions of insoluble 
detritals (mainly quartz) and goethite were subtracted from the total 
analysis to give the essential composition of the phosphatic fraction, cal- 
culated to 100 per cent, in the second column of Table 2. Trace constit- 
uents determined spectrographically are shown in Table 3. 

The quantitative mineral composition was determined in the following 
manner. The minerals identified optically or by x-ray in the rock are 
quartz, millisite, crandallite, goethite, kaolinite, and trace quantities of 
wavellite. Of the constituents present in the chemical analysis, the in- 
soluble residue and the Fe.O; content, and its water equivalent, were sub- 
tracted from the total analyses and assigned to quartz and goethite, re- 
spectively. This was based on the finding that the insoluble residue con- 
sisted entirely of quartz and trace quantities of refractory accessory min- 
erals, and that goethite was present in sufficient quantity to account for 
all the reported iron. The remainder of the chemical analysis was recalcu- 
lated to one hundred per cent (Table 2, column 1) and converted to 
atomic ratios (column 3). Millisite was then subtracted according to the 
formula (Na,K)CaAlg(POx) (OH) 9-3H20. In this computation all the Na 
and K present was assigned to millisite and corresponding amounts of 
CaO, AleO3, and P2Os were deducted from the whole. The remaining ma- 
terial must be assigned to crandallite, CaAl3(POx)2(OH)s5:H2O, and 
kaolinite, HsAlpSiO.O9. This determines that all of the remaining calcium 
and equivalent amounts of aluminum and P:O; be used in crandallite 
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TABLE 2. CHEMICAL! aND MopaL ANALYSIS OF MILLISITE-CRANDALLITE 
CONCENTRATE FROM HOMELAND, FLA. 


‘ Adjusted? Millisite Crandallite Remain- 
Weight ; ‘ oe : 
weight Atomic ing 
ed per ratios Subtrac- Atom  Subtrac- Atom (Kao- 
eat cent tions ratios tions ratios linite) 
AlLOs 26.1 Mak O78 0.438 6 Aol SLO) 0.030 
P205 21.9 31.0 436 .292 4 144 eT 
CaO 6.4 9.0 .160 .073 1 ROSieun 120 
Na2,O 1.4 2.0 .065 073 1 
KO 0.3 0.4 .008 


Loss on ignition 14.9 20.4 
Acid insoluble 


(HNO31+1) 22.9 


Fe203 4.9 
U 0.03 0.04 


Total 98.8 


1 Analysts: S. J. Lundine, M. H. Delevaux, and A. M. Sherwood, U. S. Geological 
Survey. 

2 Recalculated to 100 after removal of acid insoluble (quartz and heavies) and goethite 
(Fe2O;+ equivalent H20). 


(Al: P: Ca=3:2:1) which leaves a proportion of 0.030 atoms of aluminum 
(in excess) (Table 2, last column) for kaolinite and a deficiency of 0.3 of 
2.0 atoms of phosphorus for crandailite. Kaolinite is known to be present — 
in the rock only as a minor constituent. Thus the summations are quite 
reasonable. The lack of P.O; to fill the theoretical ratio is common in 
other occurrences of crandallite; material from Sénégal (Capdecomme, 
1953); Dehrn (Larsen and Shannon, 1930); Silver City (Loughlin and 
Schaller, 1917); and Llallagua (Gordon, 1944) are all deficient in phos- 
phate by similar amounts. The missing (PO), is probably compensated 


TABLE 3. SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSIS, IN PER CENT, OF CRANDALLITE- 
MiciisitE Mixture (AND QuARTz) CoMPOSING CEMENT 
or LEACHED-ZONE Rock 


(Analyst: H. W. Worthing, U. S. Geological Survey) 


Over 10 10.0-1.0 1.0-0.1 0.1-0.01 0.01-0.001 0.001-0.0001 
Al Si CaP Na Ti Mg Ba Pb Ga Ni Y Yb Be 
Fe Crsneu Mn Sc 


BaVEZn 
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TABLE 4, MINERAL ComposITION OF ROCK FROM THE ALUMINUM 
PHOSPHATE ZONE AT HOMELAND, FLORIDA 


Mineral Weight per cent 
Quartz and accessories! 23 
Millisite : Al 
Crandallite 27 
Goethite 6 
Kaolinite 3 
Wavellite trace 


Accessories identified are zircon, rutile, sillimanite, ilmenite, and tourmaline. 


by the presence of (OH), as in griphite (McConnell, 1942), a suggestion 
that is adopted by Palache, Berman, and Frondel (1951) and Van Tassel 
(1956) for crandallites obviously deficient in phosphate. 

Larsen and Shannon (1930) described wardite and millisite as hydrous 
sodium-calcium alumino-phosphates differing in their relative propor- 
tions of sodium and calcium to an extent that millisite had equal atomic 
amounts of both, and wardite had 1 calcium to 4 sodium atoms. Larsen 
(1942) noted that potassium was insignificant in wardite but occupied 
about a third of the sodium positions in millisite, and suggested the Na: K 
ratio as an additional means of distinguishing between the two minerals 
chemically. Hurlbut (1952), using a new analysis of Fairfield wardite by 
Gonyer, has shown that calcium is lacking, as in the Beryl Mountain 
wardite, and suggests that wardite is essentially hydrated sodium alu- 
minum-phosphate, NagAli(PO.)s(OH)16°8H2O. It is thus readily dis- 
tinguished from millisite, Caz(Na,K)2Ali(POs)s(OH)1s:6H2O (Larsen, 
1942). 

With the information from two new occurrences it can now be seen that 
the ratio of sodium to potassium in millisite may vary greatly and there- 
fore cannot serve to distinguish millisite from wardite. At Fairfield the 
deposit is rich in potassium, as seen from the associated dehrnite and 
lewistonite, and the millisite has an atomic ratio of sodium to potassium 
of 5:2. In Florida the ratio is 8:1 on the assumption that none of the 
alkalies derive from crandallite (Table 4). Partial analyses of the augelite- 
millisite mixture from Sénégal gives NazO=1.5 per cent and K,O=0.07 
per cent, yielding an atomic sodium to potassium ratio of 30:1. As augel- 
ite contains no alkalies, the Sénégal data are more secure than the Florida 
data since crandallite, which occurs in the Florida material, may contain 
some sodium. Apparently K2O is not essential in millisite but is present 
in trace to minor amounts. 

Capdecomme and Pulou (1954) described pallite as an alkali-free 
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millisite with substitution of Fe,O3 for about 10 per cent of the Al:Os, 
Ca3(AlFe)2(PO4)s(OH)1s:6H20. In view of our finding of 1.5 per cent | 
Na.O in the augelite-‘“‘pallite” mixture, and of the identity of the pallite 
and Homeland millisite x-ray diffractometer patterns, it appears (in the | 
absence of a complete analysis of pure pallite) that the pallite may be a ; 
normal millisite in which much of the iron is in associated goethite. This | 
is borne out by several of the analyses of phase ““X”’ in Capdecomme ; 
(1953) showing a virtually normal ratio of AlyO3 to P2Os. 

Based on the computations in Table 2 the phosphatic fraction of the|| 
Homeland rock, except for included goethite, is found to consist approxi- 
mately of the following mixture: millisite 58 per cent, crandallite 38 per 
cent, and kaolinite 4 per cent. Some error may arise due to the fact that 
all of the sodium was assumed to reside in millisite. In fact, crandallite 
may contain some sodium, thus changing the relative proportions of 
crandallite and millisite. However, the conclusions are supported by the - 
relative prominence of birefringent and isotropic phases in thin-sections 
of the rock, by the intensities of the crandallite and millisite reflections in 
the x-ray patterns of the mixture, and by the reasonable summation oi 
the modal analysis. 

The total mineral composition of the Homeland rock studied is shown 
in Table 4. 

The mineral composition of the phosphate deposit at Homeland varies 
considerably, depending on the depth within the alteration zone repre- 
sented by a particular sample. It has been shown (Altschuler, Jaffe, and 
Cuttitta, 1956) that the zone as a whole is characterized by progressive 
replacement of calcium phosphate and clay by aluminum phosphate and 
quartz. Of the phosphate minerals, apatite characterizes the unaltered 
and basal part of the zone; the calcium-aluminum phosphates, crandal- 
lite and millisite, the middle part of the zone; and wavellite, the pure 
aluminum phosphate, is the stable and frequently the sole phosphate 
mineral in the upper, most altered, part of the zone. Although millisite is 
found in all areas of the land-pebble phosphate field, it is abundant only 
in the Peace River valley tract between Bartow and Fort Meade, Florida. 
This second occurrence of millisite in the United States undoubtedly ag- 
gregates to hundreds of thousands and possibly millions of tons. The oc- 
currence is geologically interesting as it demonstrates that millisite, in 
addition to being a rare constituent of concretions, is, like crandallite, an 
important intermediate phase in the paragenesis of lateritically altered 
phosphorites, and is probably also a significant host for uranium in such 
deposits (Capdecomme and Pulou, 1954; Altschuler, Clarke, and Young, 
1958). 
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HIGH HAFNIUM ZIRCON FROM NORWAY 


A. A. LEVINSON AND R. A. Borup, The Dow 
Chemical Company, Freeport, Texas 


ABSTRACT | 


High hafnium zircons from Iveland, Norway are described which have been found tot 
contain 22-24% HfO.. The ratio Hf/Zr is about 0.6. The zircons occurred protruding 
from a crystal of thortveitite (scandium silicate). The presence of hafnium and zirconium} 
within the structure of thortveitite is confirmed. 


INTRODUCTION 


The study of the hafnium content and the Hf/Zr ratio in minerals and| 
rocks has received considerable attention in recent years. Fleischer com+ 
piled all published data on the subject until 1955. Since then at least) 
half a dozen papers have been published in the U.S. S. R. on the Hf/Zn 
ratio of various rock types and minerals mainly from that country 
Mertie (1958) has also published on the hafnium content of zircons from 
the Southeastern Atlantic States. 

Fleischer (1955) and others previously have pointed out that mineral: 
from granite pegmatites have the highest Hf/Zr ratios especially some ot 
the varieties of zircon (alvite, cyrtolite, etc.) and thortveitite, the rare 
scandium mineral reported only from Norway and Madagascar. How-' 
ever, Fleischer (1955, p. 3) notes that the Hf/Zr ratios in zircons (as dis- 
tinct from the varieties alvite, cyrtolite, etc.) are surprisingly low. | 

This paper describes true zircons from Norway with a high Hf/Zr ratio 
and verifies the presence of hafnium and zirconium within the structure 
of thortveitite. 


DESCRIPTION OF THORTVEITITE SPECIMENS | 


Three specimens labelled thortveitite from Iveland, Norway were pur- 
chased from Minerals Unlimited, Berkeley, California with the original 
intent to verify the high Hf/Zr ratio reported in this mineral. The sam- 
ples were identified by qualitative «-ray fluorescence analysis in which 
scandium was found to be a major constituent, measurement of indices 
of refraction, and powder x-ray diffraction patterns. Two specimens are 
sz inch in length and dark grayish-green in color. The third is a larger 
incomplete prismatic crystal ¢ inch in length and dark reddish-brown in 
color; the reddish color is due to iron oxide staining. This crystal had one 
small cluster of brown crystals 4-5 mm. across protruding from the front 
of the crystal and a similar cluster protruding from the side. It was these 
protrusions which were isolated and found to be high hafnium zircons. 
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PROPERTIES AND ANALYSIS OF THE HicH HArnrium 
ZIRCON CRYSTALS 


Both of the zircon clusters consisted of about five distorted zircon 
crystals each about 1 mm. in width and 3 mm. in length. Each cluster 
weighed about 50 mg. The individual crystals radiated from a point giv- 
ing the cluster a “cauliflower” structure. At the widest part of the clus- 
ter protruding from the thortveitite crystal distorted tetragonal pyramid 
faces were evident. The clusters were easily separated from the thortvei- 
tite host owing to the good cleavage of the latter. The streak of the zircon 
crystals was definitely brownish because of the presence of iron oxides 
related to alteration. 

Optical examination of the powdered zircon from the cluster on the 
side of the thortveitite host showed the material to have w close to 1.92 
(measured in white light). Birefringence was high but e was not meas- 
ured. A good uniaxial positive interference figure was obtained. No 
optical examination was made of the other cluster. 

X-ray diffraction patterns were obtained on powdered material from 
both clusters. The patterns are identical to zircon with all lines clearly 
visible. However, it was definitely evident that the high hafnium zircon 
crystals were slightly altered because the diffraction lines were not as 
sharp as the pattern of an unaltered zircon standard. 

Specific gravity determinations were made of both clusters. The side 
cluster had G=5.1 and the front cluster had G=4.8; the latter gave the 
slightly more diffuse x-ray diffraction pattern. The specific gravity of 
normal (low hafnium) unaltered zircon is 4.6-4.7. The specific gravities 
of the specimens under study, although higher than those usually re- 
ported, are still lower than would be expected from a high hafnium zir- 
con. This can be explained in part by the fact that some thortveitite was 
still attached to the zircons as scandium was found in small amounts dur- 
ing analysis and also by the fact that the material was probably hy- 
drated to a minor extent as a result of the alteration evidenced by the 
slightly diffuse x-ray diffraction patterns and the presence of an iron 
oxide mineral. 

The isolated high hafnium zircons were analyzed by «-ray fluorescence 
spectroscopy quantitatively for hafnium, zirconium and iron. In addi- 
tion to these elements only yttrium and scandium in small amounts were 
noted by this technique in which our instrumentation is able to detect 
elements from potassium through uranium. Significantly, no thorium or 
uranium were detected and if present were in amounts less than 100 ppm. 
The few per cent of scandium is believed to be from some thortveitite 
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which was not completely separated from the zircon. Yttrium, estimated | 
at not more than 4%, was probably in part from the thortveitite in: 
which it substitutes for scandium and, also, in part contained within the: 
zircon crystals. 

In the x-ray fluorescence analysis the first order lines HfLg1-5 doublet, , 
ZrK, and FeK, were used. The results are presented in Table 1. Our ex-, 
perience with analysis by a-ray fluorescence indicates that these data re- | 
ported are accurate to within 10% of the amount present. 

A semi-quantitative emission spectrographic analysis showed the pres- 
ence of beryllium in trace amounts in the order of 100 ppm. 


TaBLE 1. ANALYsIs OF HiGH HarniumM ZIRCON 


HfiO:z ZrOz Fe:0; Y203 Hf/Zr 
Side Cluster 22 47 4 d=3 54 


Front Cluster 24 42 4 2-4 .65 


Notes: 


1. X-ray fluorescence analysis in weight per cent. 

2. All values are quantitative (+10 per cent of the amount present) except yttrium, 
which is estimated. 

3. All Hf/Zr ratios in this paper are weight ratios unless otherwise indicated. 

4. The highest previously reported HfOz for zircon is 6 per cent. The highest HfOx | 
reported for cyrtolite, alvite, etc., is 17 per cent. (From Fleischer, 1955) 

5. Analyst: R. A. Borup. 


DISCUSSION 


The designation of the clusters as zircon and not alvite, cyrtolite, 
pseudo-zircon, or any other of the imperfectly known varieties is con- 
sidered correct because the specimens are crystalline, they have a high 
specific gravity, no uranium or thorium were detected, and only traces of 
beryllium and small amounts of yttrium were found. The significance of 
these zircon crystals is that they are believed to be the first true zircons 
reported with high hafnium and a correspondingly high Hf/Zr ratio. 
Unfortunately, no material remained after the above analyses for further 
studies such as determination of the water content, etc. 

In view of the finding of high hafnium zircons protruding from thort- 
veitite, investigation was undertaken to determine whether the hafnium 
and zirconium reported in the literature as being within the structure of 
thortveitite possibly resulted from inclusion of small amounts of zircon. 
In this connection, both of these elements were found qualitatively to be 
present in all three samples of thortveitite obtained for this study. Ac- 
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cordingly, x-ray diffraction patterns were obtained on thortveitite using 
exposures six times longer than usual. The patterns did not record the 
strongest (3.30 A) line of zircon and it is presumed that the hafnium and 
zirconium are present within the thortveitite structure. As a further 
check on the largest (reddish-brown) thortveitite, portions of the crystal 
were ground and digested in HC! and H:SO, for several hours. The 
hafnium and zirconium still remained within the unreacted thortveitite 
except for traces which were found in the dried acid residues along with 
significantly larger amounts of scandium and yttrium. This indicates 
slight decomposition of thortveitite with acid digestion. Although the 
contents of the hafnium and zirconium were not determined quantita- 
tively, the qualitative results correspond with those reported in the liter- 
ature; that is, hafnium appears very abundant in comparison with zir- 
conium and may well exceed it. 

The possibility of finding the first mineral in which hafnium is more 
abundant than zirconium seems particularly favorable in the Norwegian 
and Madagascan pegmatites in which thortveitite is found. The highest 
Hf/Zr weight ratio reported in a mineral is 1.9 (Fleischer 1955, Table 
8) from Norwegian thortveitite. This, on an atomic ratio basis, is a little 
less than one. If a zircon-type crystal with an atomic ratio Hf/Zr greater 
than one can be found, it will be a new mineral. 

Finally, it is worthwhile emphasizing again, in agreement with 
Fleischer (1955) and others, that there is not necessarily a correlation be- 
tween radioactivity and hafnium content in zircon. 


REFERENCES 


FLEISCHER, M. (1955), Hafnium content and hafnium-zirconium ratio in minerals and 
rocks: U. S. Geol. Surv. Bull. 1021-A, 1-13. 

Mertig, J. B. (1958), Zirconium and hafnium in the Southeastern Atlantic States: U. S. 
Geol. Surv. Bull. 1082-A, 1-28. 


Manuscript received July 3, 1959. 


THE AMERICAN MINERALOGIST, VOL. 45, MAY-JUNE, 1960 


GROWTH HISTORY OF HEMATITE 


Icurro SuNAGAWA, Physics Department, Royal Holloway College, 
Englefield Green, Surrey, England 


ABSTRACT 


On one crystal of hematite from Japan, the whole final history of growth, from two- | 
dimensional nucleation to spiral growth and the movement of dislocations after growth | 
has ceased, is observed. The end growth history is explained. 

Measurements of the step heights made with precision multiple-beam interference 
show the existence of a growth island formed by two-dimensional nucleation. This has a 
height of a few units plus a fraction of the unit cell. The step of a spiral growth layer is 
shown to be a half unit cell. This is a rare feature in crystal growth. The mechanism of the 
formation of growth islands is also discussed. 


INTRODUCTION 


Since F. C. Frank (3) proposed the screw dislocation theory of crystal 
growth, much support for his theory has been reported. Most of the 
studies were mainly concerened with the spiral itself, its structure and its 
movement, and did not treat of spirals as a phenomenon during the whole 
history of growth. 

Crystals, especially in nature, rarely growunder definite and unchanged 
conditions, for the growth conditions may well change either gradually 
or even suddenly during the course of crystallization. It is not unlikely 
that natural crystals, at the early stage of growth, may grow under higher 
supersaturation conditions than the 25% which Frank and others esti- 
mated as the critical value for two-dimensional nucleation. 

Therefore, in the early stages of growth under high supersaturation 
conditions, two-dimensional nucleation may well occur without the need 
for screw dislocations. At the later stage when the condition of super- 
saturation no longer obtains, then a screw dislocation may form. A spiral 
growth front can then spread away from the screw dislocation, over- 
lapping and possibly engulfing the nucleation region. But some nuclea- 
tion regions may still remain uncovered on some crystals. 

In this report an account is given of studies on the microsurface struc- 
tures of the basal plane of a hematite crystal from Japan from which a 
good deal of the end-growth history can be derived. Further evidence of 
movement of dislocations after the cessation of growth has also been ob- 
served on this crystal. Special attention will be drawn to differences of 


thickness of the growth layers between two-dimensional nucleation and 
spiral growth. 


* Now at Geological Survey of Japan, Kawasaki-shi, Japan. 
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OBSERVATION OF THE SURFACE STRUCTURES ON 
THE (0001) Facr 


The hematite crystal under study is of hexagonal habit, found at 
Saganoshima, Japan. It occurs in cavities of a basaltic lava. From the 
mode of occurrence, it is considered that the crystal grew by a reaction 
between iron chloride gas, which migrated from the magma reservoir as a 
post-volcanic action, and underground water, etc. The temperature of 
crystallization is estimated to be rather high, say above 800° C. 


Fic. 1. Ordinary photomicrograph of (0001) face of the crystal about X10. 


Observations of the surface structures were made mainly with a phase- 
contrast microscope. As this microscope has already revealed growth 
layers of height 2.3 A (4) (the shortest distance between two successive 
oxygen layers in the structure of hematite, and § of the unit cell height), 
the sensitivity is adequate to reveal the existence of spiral patterns. 

Figure 1 shows a low magnification photomicrograph of a basal plane 
of the crystal. Only thick growth layers are visible. Most of the surface 
other than the marginal and central areas is flat. The thick layers have 
irregular or circular form. 

Over a hundred phase-contrast photomicrographs of this fairly flat 
area were taken and reconstructed. Two special features appeared, spiral 
patterns, and triangular islands and tongue-like terraces. 
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Spiral patterns 


Most of the fairly flat area is covered with spiral patterns originating: 
from two screw dislocations of opposite sign. At the origin, the spiral is ai 
triangle, but after a few turns the corners of the triangle tend to round) 
off, and the final pattern is triangular but with curved corners. 

In accordance with Frank’s explanation (3), the spirals originate from) 
two screw dislocations of opposite sign to form a loop. In the case of two) 
spirals of the same sign originating from one point, the growth fronts do. 
not interfere, but the spacings of the successive layers become narrower. 

Several cases occur in which a new spiral joins the main spiral en’ 
route. In such cases, the new spirals do not appear in the usual spiral pat-, 
tern, but form a growth front parallel to that of the original one after a. 
half turn. | 

At all the screw dislocation points observed, a straight line, which' 
starts from a dislocation and crosses the growth fronts in a short distance 
has been observed. These lines disappear either at the edge of the thick 
layers or at some point on the surface. On either side of the line, the level 
is different. Viewing from the start (screw dislocation point), the right 
side is higher in the case of the line originating from a left handed spiral, 
and vice versa. This relation dan be explained as follows. The sign of a 
spiral originating from a screw dislocation of which the left side is an 
elevation will be right handed, and vice versa. Therefore, if the disloca- 
tion moves after completion of the spiral pattern, the straight line oi 
which the left side is elevated will be observed on right handed spirals, 
and the right side elevated line will appear from the left handed spiral. 
At the points where these lines cross the spiral growth fronts, no kinks 
or disturbance of growth front are observed at all. No evidence of spiral 
growth has been observed at the other ends of these lines. These facts 
clearly show that the straight lines are the traces of the movement of 
dislocations after the completion of the spiral pattern. 


B) Triangular islands and tongue-like terraces 


The spacing between successive layers from a screw dislocation is usu- 
ally regular, and their growth fronts are smooth lines. But, as shown in 
Fig. 2, at some places on the spiral pattern, several tongue-like terraces 
appear. These terraces clearly have thicker height than the spiral growth 
layers, because the latter are intercepted by the terraces. At first glance, 
it would appear that the upper surface of a terrace is combining with a 
spiral growth layer to form a common surface. But closer examination 
reveals that there is a very faint discontinuity boundary, which is shown 
by an arrow in Fig. 3, between these two. This shows that the height of 
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Fic. 2. The tongue-like terrace. Positive phase contrast. 125 


the terrace is not an exact multiple of the height of the spiral growth lay- 
ers. Numbers of the spiral growth layers which are intercepted by the 
terrace are exactly the same at both sides of the terrace. 

Around the marginal region of the spiral pattern, there are a few rela- 
tively thick triangular growth islands which have zig-zag corners, a good 


Fic. 3. Example of boundary discontinuity line between the tongue-like terrace and 
the spiral growth layers. The boundary line is shown by an arrow in the photograph, and 
schematically drawn on the right. Positive phase contrast. 135. 


example being that shown in Fig. 4. When the growth fronts of spiral ar- 
rive at such islands, the spreading of the spiral layers is intercepted by 
the island with the result that the growth fronts take on a curved shape 
and avoid the islands. The spiral growth layers surrounding the lower tri- 
angular island in Fig. 4 represent an early stage of this interception, and 
the upper show a succeeding stage. 

If the triangular islands are compared with the tongue-like terraces, 
one finds similarity in their orientations and outer forms. These two are 
evidently different stages of the same feature. Thus, if the spiral growth 
proceeds from the stage of Fig. 4, and the total height of the piling of the 
spiral growth layers reaches to nearly same height as the triangular is- 
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lands, then these two will combine and form almost a common surface. 


(As the height of the islands are not exact multiples of the height of the 
spiral growth layers, the surface is not quite smooth and plane. But the | 


difference is less than the height of one growth layer, it appears nearly 
like one level.) The succeeding spiral growth fronts are not intercepted 


Tic, 4. The triangular growth islands. Irregular black lines and white patches on the 
islands are artificial scratches. Positive phase contrast. 135 


by the islands, but continue spreading without any interference. As a re- 
sult of this process, the tongue-like terraces are formed. 

It has been observed that the central part of the spiral is completely 
free from triangular islands and tongue-like terraces. Moving towards 
the lower part the latter are observed; the complete triangular islands ap- 
pear only near the margin of the spiral pattern. From this fact, and the 
fact that the spiral growth fronts are intercepted by the latter structures, 


1 
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it is safe to conclude that the triangular islands and tongue-like terraces 
exist before the formation of the spiral pattern. 

Both the triangular islands and the terraces are definitely elevations. 
Their surfaces are molecularly flat and no micro-structures can be seen on 
them other than scratches or percussion marks (Fig. 4). From the high 
resolution of the microscope used; we can safely conclude that no spiral 
growths take place on these islands and terraces. They are formed by a 
three-dimensional nucleation without the help of any screw dislocations. 


Fie. 5. Low magnification multiple-beam interferogram of the crystal. The same face 
and the same magnification of Fig. 1. Notice that no shift on the fringes is observed in the 
flat area. 


No fine structures can be seen at the edges of the islands or the terraces. 
This suggests that these features were formed as separate entities and 
not by the piling of thinner layers. 


MEASUREMENTS OF THE THICKNESSES OF THE GROWTH LAYERS 


Multiple-beam interferometry (5) has been applied to the measure- 
ment of the thicknesses of the growth layers. 

Even with a fairly highly dispersed interferogram, it was very difficult 
to secure distinguishable shifts of the fringes at the edges of the spiral 
growth layers (Fig. 5-6). Fortunately, the tongue-like terraces and the tri- 
angular islands have reasonable thickness which give clearly distinguish- 
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able shifts of the fringes, and we can count the number of the spiral) 
growth layers which are intercepted by a terrace. This will give the| 
average height of a spiral growth layer. Table 1 shows the results ob-} 
tained by this method. Fig. 6 is an example of the multiple-beam inter- | 
ferogram. 


Fic. 6. High dispersion multiple-beam interferogram and a positive phase contrast 
photomicrograph of the same area. a, b, c—shows the corresponding positions. Notice that 
only at the edge of the tongue-like terraces, distinguishable shift of the fringe is observable. 
x57 


TABLE 1. HEIGHT OF SPIRAL GROWTH LAYERS INTERCEPTED BY A TERRACE 


Measured | Number of Average Measured Number of Average 
height layers height height layers height 
12.9A 2 6.4A 30.5A 5 6.1A 
Sid 2 6.8 31.6 6 Sos) 
ise! 2 7.4 32.9 5 6.6 
17.9 4 4.5 34.2 6 Ball 
19.9 3 6.6 36.6 6 6.1 
23.9 DE 4.8 39.0 5 7.8 
28.0 6 4.7 41.8 6 6.9 
28.8 4 ee 46.0 7 6.6 
29.2 5 Bute 63.2 7 9.0 
29.6 4 7.4 


Average height of a spiral growth layer—6.4 A 
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The derived height of a spiral growth layer ranges from 4.5 A to 9.0 A, 
and averages 6.4 A, It is certainly not 14 A, which is the height of the 
unit cell of hematite (more exactly 13.73 A). The height of a spiral growth 
layer, namely the Burger’s vector of the screw dislocation, is clearly not a 
unit cell, but a half of this within experimental error. Most measurements 
of spiral height made so far show that the step height of a spiral is one 
unit cell height or a small rational multiple of a unit cell, but there are a 
very few observations of spirals with steps less than a unit cell. For ex- 
ample, S. Amelinckx has observed a spiral of a half unit cell on SiC (1), 
and on long chain compounds (2). The writer has also reported a 2.3 A 
spiral (4), which is ¢ of the unit cell, on natural hematite. The spiral de- 
scribed here is one other example of a spiral with step less than a unit 
cell. And, it seems to the writer that the spirals with step less than a unit 
cell are possibly fairly common phenomena on natural hematite. It is in- 
tended to discuss this in more detail elsewhere. 

The height of the tongue-like terraces ranges from about 20 A to 70 A 
(Table 2). As already indicated, it is clear that their heights are not 
exact but fractional multiples of the height of a spiral growth layer. 
Observed numbers of the spiral growth layers which are intercepted by 
the terraces, and calculated heights of the terraces are shown in Table 2. 
The heights of the triangular islands are about 40 A. 


TABLE 2. HEerGutT oF TONGUE-LIKE TERRACES 


Number of layers 3 4 5 6 7 8 10 


Number of instances 1 1 2 2 5) 1 1 


Calculated height of the terraces |20.7 A+-X|27.6 A+X|34.5 A4+X|41.4 A+X|48.3 A4+X|55.2 A4+-X169.0 A+X 


0A<X<6.9A 


SUMMARY 


From the above observations, we can summarize as follows. 

1. The triangular islands and the tongue-like terraces are originally 
similar, and clearly existed before the formation of spiral patterns. 

2. These structures have the thickness of several plus a fraction of the 
unit cell of hematite. No spiral patterns are observed on their surfaces, 
which shows that these islands were formed by three-dimensional nucle- 
ation. 

3. The fact that the edges of these structures are not composed 
through the piling of thinner layers suggests that the islands were formed 
as a single growth feature and not by successive piling of thinner layers. 
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4. Any spirals on the crystal were certainly formed later than the | 
above structures. As no structures were observed on the spiral patterns, 
they were clearly formed at the latest stage of growth. 

5. The height of the spiral growth layers is a half unit cell. The suc- 
cessive stages of interaction between the growth fronts of the spiral and | 
the pre-existing triangular growth islands have been clearly observed on 
the crystal. 

6. A straight line which starts from a screw dislocation and intersects 
spiral growth fronts without any effect on the fronts is accounted for by 
the movement of the dislocation, after the end of crystallization. 


CONCLUSIONS 


The end growth history of the crystal can therefore be inferred as 
follows. 

At the early stage of crystallization, when both temperature and super- 
saturation condition are high, growth islands form without the help of 
screw dislocation, at random points on the surface. These islands are con- 
sidered to arise from the precipitation, adsorption and crystallization of 
particles of aggregates of atoms or molecules, not by the piling of the thin 
growth layers. 

After the formation of these islands, and if both temperature and 
supersaturation rates drop, spiral growth fronts spread out from the dis- 
location points. These can meet with other spirals of the opposite sign 
with resulting formation of loops. While spreading, when these fronts 
arrive at the pre-existing growth islands, interception occurs with the re- 
sult that the front takes on a curved shape, avoiding the island. But, 
finally piling of the spiral layers reaches a height similar to that of the is- 
lands, and the next growth front spreads over the surface of the island 
and forms a tongue-like terrace. 

After the end of crystallization, due to some stress, these screw dislo- 
cations can move and if they do they form the straight lines which start 
from dislocations and intersect the growth fronts with no effects on the 
fronts. 
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CHEMICAL COMPOSITION OF THE ZHOB VALLEY 
CHROMITES, WEST PAKISTAN 


S. A. BircraMr AND C. O. INGAMELLS,* Department of 
Geology, University of Minnesota, Minneapolis. 


ABSTRACT 


Two complete and 22 partial chemical analyses of chromites from the Hindubagh- 


Nasai area in West Pakistan are given, and their chemical composition is discussed. It is 
suggested that the chromites showing a Cr/Fe ratio greater than 3:1 are earlier in age than | 


those showing a lower ratio. A new method for the complete chemical analysis of chromite 
is described. 


INTRODUCTION 


The Zhob Valley igneous complex in West Pakistan occupies an area of 


| 


over 2000 square miles, although the actual extent is not known. The _ 
first outcrops of the igneous complex are near Khanozai in Quetta-Pishin | 
district (Fig. 1) and the best exposures are seen in Hindubagh-Nasai 
area in the Zhob district, where some of the larger hills ike Jungtorgarh © 


and Saplaitorgarh consist almost entirely of these rocks. From Killa 


Saifullah to Fort Sandeman occasional outcrops occur along the road, 


and from 12 miles north of Fort Sandeman to the Afghanistan border 
there is an almost continuous development of these rocks. 

Little is known of the geology of the complex or the chemical composi- 
tion of the chromites from this area. A preliminary description of the 
mineralogy and petrology of the Hindubagh area has been given (Bil- 
grami, 1960), and the present paper is the first attempt at discussing the 
chemical composition of the Zhob Valley chromites. About 30,000 tons 
of high-grade chromite are produced annually in the Zhob Valley, of 
which over 99 per cent comes from Hindubagh-Nasai area. All the sam- 
ples described here have been collected from this area. 


GEOLOGY AND OCCURRENCE 


In the Hindubagh-Nasai area the igneous complex consists of ser- 
pentinites, dunites, harzburgites, peridotites and chromitites, all cut by 
later diabase dikes. The igneous complex is intrusive into sediments 
(limestones and shales) of Triassic to Eocene age. At the contacts with 
the sediments, metamorphic rocks such as crystalline limestones, horn- 
blende schists and gneisses, and albite-epidote-hornblende schists are de- 
veloped. The general trend of the igneous rocks is ENE-WSW. These 
rocks are believed to be of Eocene age in the Hindubagh area. 


Present address, College of Mineral Industries, Penn. State University, University 
Park, Pe 
ark, Penn. 
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Economically workable chromite deposits fall in two catagories: 

(a) Veins, bands and lenses composed wholly of chromite with minor 
amounts of serpentine. 

(b) Serpentinized dunite occasionally rich in chromites. These are 
mostly low-grade ores. Both types are sharply separated from serpentine 
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Fic. 1. Map of West Pakistan, showing the location of 
Hindubagh-Nasai area (black rectangle). 


or harzburgite, with which they are associated, often with slickensided 
surfaces. 

The bands, veins and lenses of chromite which do not show any direc- 
tional relationship with the boundaries of the intrusives often show 
parallelism among themselves. The bands, veins and lenses are spread 
over wide areas and vary in length and thickness from a fraction of a 
centimeter to several meters. The serpentine in between the bands of 
chromite is pale yellowish-green in color and may or may not be free 
from chromite. A different type of banding is one described as “‘grape- 
shot ore” where globules of chromite are enclosed in pale-green serpen- 
tine. These globules vary in diameter from a fraction of a millimeter to 
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two or three meters. Larger globules have been found in the area in the 
past. 

In thin section two types of chromites have been recognized: 

(a) Showing anhedral form, dark brown (translucent) color and tra- 
versed by numerous irregular veins of serpentine. The crystals usually | 
contain inclusions of colorless serpentine or chlorite, some pseudomor- | 
phous after olivine. | 

(b) The other type of chromite is a completely opaque variety which | 
also shows anhedral form and is traversed by serpentine veins, possibly 
replacing original olivine. 

It has been suggested by Kramm (1910), Dresser (1913) and Phillips 
(1927) that the opaque variety has been formed by the alteration of 
picotite. No evidence of this has been found in the Zhob Valley chro- | 
mites. Dresser (1913) has also suggested that the opaque chromite is | 
highly ferruginous, while the translucent variety is rich in magnesium, a 
suggestion confirmed by the chemical analyses of the Zhob Valley chro-_ 
mites (Tables 1, 4 and 6). 


CHEMICAL ANALYSES OF THE ZHOB VALLEY CHROMITES 


Chemical analyses of two chromites from Hindubagh area are given 
in Table 1. Unfortunately after the analyses had been started it was dis- 
covered that the samples were not pure, and because only small quanti- 
ties had been brought from Pakistan, further samples were not available 
for purification. The low totals of the two analyses may be due to pres- 
ence of elements which could not be determined due to the nonavailabil- 
ity of the sample. Nickel is present in both but could not be determined. 
Zinc has been reported in chromites (Donath, 1931, 484) but was not 
estimated in the samples from Hindubagh. 

Both the samples under consideration show high Cr2O; and MgO con- 
tents. The first sample (B-327) is low in total iron and high in Al,O3 com- 
pared to the second sample (B-353). In fact the low AlsO3 content of the 
second sample (B-353) is a rare feature and a review of the published 
analyses has shown that chromites with comparable CroO3 content have a 
higher AloO; content (Table 1, anal. 5). 

The structural formulae of the Hindubagh chromites calculated on the 
basis of 32(O) are given in Table 2. In calculating the structural formula of 
sample B-327 the procedure recommended by Stevens (1944) was fol- 
lowed, while in the case of B-353 corrections were made for serpentine 
and ilmenite by taking out from the molecular proportions MgO twice 
the amount of SiO» for serpentine, and FeO equivalent to TiO, for ilmen- 

The molecular proportions were then recalculated to an arbitrary 
total of 0.5, and from the recalculated molecular proportions the struc- 
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TaBLE 1. CHEMICAL ANALYSES OF THE ZHOB VALLEY 
CHROMITES WITH COMPARISONS 


1 2, 3 4 5 
CreO3 57.43 BA Nd 56.46 Ss 52.18 
AlsOz 9.37 See IDES) 9.90 10.80 
Fe:Os 6.16 2.56 EOS 4.05 4.53 
TiOz 0.23 0.20 0.23 0.06 0.26 
FeO 9.99 ),,310) 11.05 14.98 20.67 
MnO 0.38 0.98 trace 0.20 0.32 
MgO 14.17 13.43 15.38 1225) 9.58 
CaO 0.04 0.06 trace 0.06 0.10 

V20s5 0.04 0.11 = = = 

NiO p.n.d. p.n.d. — = FES 
SiOz 0.80 5.44 1.34 0.16 0.88 
H,O-+ 0.86 DOS = 0.36 0.40 
99.42 98.16 100.16 100.09 99.72 
Cr 39.29 35.69 38.66 39.59 37.08 
Fe 12.09 13.78 10.93 14.48 19.22 
Cr/Fe 3.24 2.88 3.54 Bos 1.93 
RO/R203 0.99 1.36 1.00 1.02 1.05 
Impurity; Serpentine Serpentine Talc Olivine Olivine 


1. Chromite (B-327), Mine 132, Jungtorgarh, Hindubagh. Analyst, C. O. Ingamells. 

2. Chromite (B-353), Mine 136, Saplaitorgarh, Hindubagh. Analyst, C. O. Ingamells. 

3. Chrome ore produced by Baluchistan Chrome Co., Hindubagh (Malhotra and 
Prasada Rao, 1956, 465, anal. 2). Analyst, P. D. Malhotra. 

4. Chromite from high-grade ore deposit, Red Mountain, Kenai Peninsula, Alaska. 
(Stevens, 1944, 6, anal. 3). Analyst, R. E. Stevens. 

5. Chromite, Coggin mine, Sec. 35, T. 39, N., R. 4. W., Little Castle Creek, Shasta 
County, California (Stevens, 1944, 7, anal. 9). Analyst, R. E. Stevens. 


tural formula was derived. The complete calculations are given in Table 
2. The practice of adjusting the iron atoms between RO and R2O3 groups 
so as to give a RO/R2O; ratio of 1:1 (Stevens, 1944, Malhotra and 
Prasada Rao, 1956) was not followed. It is considered desirable to calcu- 
late the structural formula without making any adjustments as this re- 
flects more clearly the variations in the chemical composition of the min- 
eral and the oxidation state of the magma from which it crystallized 
(Thayer, 1946). Also if all the analyses are recalculated so as to fit the 
structural formula of the mineral there would be no means of determin- 
ing accurately the limits of solid solution replacements within this group 
of minerals. 

It will be seen from the structural formula of chromite B-327 (Table 
2, No. 1) that the summation of the trivalent group is higher than the 
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TABLE 2. STRUCTURAL FORMULAE OF THE ZHOB VALLEY CHROMITES 


1 2 
Wt. Ca- Wt. Recal. Cat- 
%, Mol. Prop. Houe® x, Mol. Prop. fone ee 
AlsO3 9.37 0.0919 2,917 | 5.28S10.0517 0.0629 2.002 
FeO 6.16 0.0387 1.227 | 2.56 0.0160 0.0192 0.604 
CrO3 SAS Oostlad 11.989 | 52.17 0.3432 0.4172 13.402 
V205 0.04 0.0000 0.000 | 0.11 0.0006 0.0007 0.002 
0.5083 16.133 0.4115 0.5000 16.000 
FeO 9.99 0.1391—.0022* 2.173 | 15.30 0.2129—.0025* 0.2799 4.472 
=0.1369 —0.2104 
MgO 14.17 0.3514 55300) 13043I 0R3330 lS 102N OR 2022 Rona aa 
=0.1520 
MnO 0.38 0.0053 0.084 | 0.98 0.0124 0.0164 0.261 
CaO 0.04 0.0007 0.001 | 0.06 0.0010 0.0015 0.023 
0.4943 7.794 0.5593 — .1835¢ 0.5000 16.000 
= (53/58 
SiO» 0.80 0.0013 5.44 0.905 
TiO» 0.18 0.0022 0.20 0.0025 
H20+ 0.86 0.0040 2.62 0.1459 
RO/R2O; 0.99 1.36 
Cr/Fe 3.24 2.88 


* Cations on the basis of 32(0). 
® Subtracting for ilmenite. 

> Subtracting for serpentine. 

© Total subtractions. 

Samples 1 & 2 same as in Table 1. 


ideal value of 16 and the summation of the bivalent group is correspond- 
ingly low. This appears to be due to the oxidation of ferrous to ferric 
iron. From this it would appear that if the calculations of the structural 
formulae are made without adjustments, the totals of the trivalent and 
the bivalent groups can be used as an index of the state of oxidation of 
chromites. Thayer (1946, 207) has pointed out that FeO/Fe.03 ratio in 
chromite is a function of the state of the iron in the magma. Since only 
small amounts of Fe:Os are readily taken into olivine and enstatite struc- 
ture and the total chromite in the magma is in very minor amounts, 
slight variations in the Fe.O; content of the magma will be greatly magni- 
fied in the FeO/ FeO ratios in chromites. It would appear from this sug- 
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gestion that chromites rich in FeO; content were formed under oxidizing 
conditions. 

Thayer (1946, 215) has also pointed out that the chromites rich in 
Cr2O3 occur in feldspar-free peridotites low in alumina, a contention con- 
firmed by the Zhob Valley chromites. This would also account for the 
low CaO content of chromites. Little is known about the chemistry of the 
rocks associated with the Zhob Valley chromite deposits, and it is not 
possible here to comment on the relationship between the chemical com- 
position of these chromites and their host rocks. 

Chromites show a wide range of composition due to the isomorphous 
substitution of FeO by MgO and of CrOs by AleOs and Fe.O3. These 
variations in the chemical composition of chromites can be studied by 
plotting the composition of unit cells on a triangular prism devised by 
W. D. Johnson, Jr., and described by Stevens (1944). The six corners of 
. the prism are occupied by FeO: Cr2O; (ferrochromite), FeO: Al,O3 (her- 
cynite), and FeO-Fe.O; (magnetite) at the base, and MgO-CreQs 
(magnesiochromite), MgO-Al:O; (spinel), and MgO- FeO; (magnesio- 
ferrite) at the top. A simpler diagram is the one used by Stevens (1944), 
where the chemical composition of chromites are plotted on a triangular 
diagram with FeO-FeO3, (Mg: Fe)O-Cr,03; and (Mg: Fe)O- Al,O3 oc- 
cupying the three corners of the triangle. By joining the apices of the 
triangle with the centers of the opposite sides the triangle is divided into 
six fields. The field in which Cr2O; is the major constituent is the field of 
chromite, and this has been subdivided into two fields, namely those of 
ferrian chromite and aluminian chromite, depending upon the second 
major constituent. The other four fields are of chromian magnetite, 
chromian spinel, aluminian magnetite, and ferrian spinel. 

Figure 2 is a plot of the two new and one old Zhob Valley chromite 
analyses and the eight Indian chromites described by Malhotra and 
Prasada Rao (1956). It will be seen from the figure that considerable 
range of solid solution exists in the chromites, and if the 52 analyses given 
by Stevens (1944) are also plotted the field of solid solution extends into 
the upper halves of the chromian spinel and chromian magnetite fields. It 
will also be noticed that no points fall close to the theoretical chromite 
(FeO-Cr,03), and a review of the published analyses has failed to reveal a 
chromite close to this composition. Stevens has pointed out that the for- 
mula FeO: Cr.03 does not adequately represent the chemical composition 
of natural chromites, and it is here suggested that the chromite formula 
should be modified to (Fe, Mg)O-(Cr, Al)2O3. The terms magnesiochro- 
mite and ferrochromite suggested by Stevens for chromites rich in magne- 
sium and iron respectively should be more extensively used. It may be 
added here that Winchell (1956, 82) uses the terms picrochromite and 
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(Mg,Fe)O-Cr,05 


FERRIAN 
CHROMITE 


ALUMINIAN 
CHROMITE 


CHROMIAN 
MAGNETITE 


CHROMIAN 
SPINEL 


ALUMINIAN 
MAGNETITE 


FERRIAN 
SPINEL 


12.0 8.0 nb) 
NEST ORAING ie Fe O-Fe,0 
(Mg,Fe) 2u3 Atoms of Al per unit cell ee 


Fic. 2. Triangular diagram showing composition of the Zhob Valley chromites with 
comparisons. Nos. 1 and 2, new analyses (Table 1, Nos. 1 and 2). Nos. 3-11, same as Nos 
1-8 in Malhotra and Prasada Rao, 1956, 465. 


chromite in the same sense as magnesiochromite and ferrochromite of 
Stevens. The usage of different names for the same mineral causes confu- 
sion and should be discouraged. The terms magnesiochromite and ferro- 
chromite have been used here in preference to Winchell’s terms because 
they are more expressive of the composition of the minerals. 


Expression of the analyses in terms of end members 

The chemical analyses of the Zhob Valley chromites expressed in the 
forms of end member formula and weight percentages are given in Table 
3. The end member formula percentages have been obtained by the fol- 
lowing formulae given by Stevens (1944): 


Spinel = a 
Ys 

; : Al 

Magnesiochromite = Mg — 3 
Cr + Al 
Ferrochromite = PEN — Mg 
Cr Peale Shee 

Magnetite = Fe” + Mg — — — = = ) 
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TABLE 3. END MEMBER FoRMULA PERCENTAGES OF CHROMITES (TABLE 1) 


1 2 3 4 5 
Spinel ZnO 1S 23.6 19.9 M22 
Magnesiochromite 39.8 28.0 47.6 51.6 28.9 
Ferrochromite 28.9 Sen 24.8 23.4 42.9 
Magnetite OD 3.8 4.0 oil 5.9 

End Member Weight Percentages 
Spinel 16.0 8.6 PY 3 14.4 10.4 
Magnesiochromite 40.9 26.2 42.6 40.6 MAN 
Ferrochromite 35.0 60.2 25.8 41.5 63.0 
Magnetite 8.1 5.0 4.3 Say) 4.5 


where each element is given in atoms per unit cell. The weight percent- 
ages have been obtained by multiplying the unit cells by molecular weight 
and recalculating to 100 per cent. 

It will be noticed that the range of composition in the three Zhob 
Valley chromites (Table 3, Nos. 1-3) is very considerable. Spinel varies 
from 12.5 to 23.6 per cent, and the variations in the magnesio- and ferro- 
chromites as well as in the total chromite present are fairly large (68.7, 
83.7 and 72.4 respectively). There does not appear to be any systematic 
variation between the end members themselves. 

Partial chemical analyses of the Hindubagh-Nasai area chromites are 
given in Tables 4-6. As a result of this study the chromite occurrences of 
the area have been divided into three groups depending upon their chem- 
ical character and geographical distribution: 


1. Chromites of Jungtorgarh group, 
2. Chromites of Saplaitorgarh group, 
3. Chromites of Nasai group. 


TaBLE 4. PARTIAL CHEMICAL ANALYSES OF JUNGTORGARH GROUP CHROMITES 


S. No. Mine No. %Cr0O3 % FeO Gr: Fe Cr/Fe 
1 166B 45.7 RS: Bl 8.8 Syaeill 
2 166C 52.4 U7 35.8 9.9 SiGgil 
3 162A S83 14.2 37.8 fil sal 3.4:1 
4 134 50.8 1352 34.7 10.3 Sia teil 
5 140E 49.4 12.4 33.8 9.8 3.4:1 
6 ISO 41.7 1s, 28.4 8.8 Basil 
7 203 See) Sie 37.8 10.2 Oia 


Analyst, Shabbir Khan, Pakistan Chrome Mines Ltd., Hindubagh. 
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TABLE 5. PARTIAL CHEMICAL ANALYSES OF SAPLAITORGARH GROUP CHROMITES 


S. No. Mine No. % Cr2Os % FeO Cr Fe Cr/Fe 
1 7ML* 44.6 13.4 30.5 10.4 2.924 
2 7ML> 45.3 14.0 30.9 10.9 DO's 
3 7™MLe 48.6 1522 B87 11.8 Be OSA 
4 136 43.9 Df 30.0 9.9 Se Ont 
5 3AML/6 44.0 12.9 30.1 10.1 320 
6 23A 47.1 13.8 SYA) 10.8 DOK 
7 34 42.6 11.9 29.1 9.4 SOB! 
8 186 SYA) 15.9 39.9 12.4 2.931 


Analyst, Shabbir Khan. 
4.b,¢ Samples from surface, 25 feet and 40 feet below surface, respectively. 


1. Chromites of Jungtorgarh group 


Jungtorgarh is the highest hill composed of ultra basic rocks (in the 
Zhob Valley). It occupies about 20 square miles area and is over 9600 feet 
above the sea level. The dominant rock type in the hill is harzburgite 
(olivine enstatite rock). Chromite occurs in harzburgite in veins, bands 
and lenses. Globules are common, and the deposits do not show any def- 
inite shape or size. About thirty mines are being worked in this group. It 
is not possible to give any idea of the size of these deposits as ore reserves 
have not been determined, but some of the mines have produced as much 
as 18,000 tons of high-grade ore (Cr2O; content above 48 per cent), and 
are still shallow workings. 

Chemically the chromites of Jungtorgarh are characterized by high 
Cr/Fe ratio and this applies even to low-grade ores. It will be noted from 
the partial analyses in Table 4 that all the samples show a Cr/Fe ratio 
greater than 3:1. 


TABLE 6. PARTIAL CHEMICAL ANALYSES OF NASAI GROUP CHROMITES 


S. No. Mine No. % CreOz % FeO (Cie Fe Cr/Fe 


1 153% 46.3 14.9 SING 11.6 ff Bi 
2 1532 53.8 17.6 SO 3h 7h Bol il 
3 2CPL 44.1 14.8 30.1 tits S) Zs 
4 1CPL 39.5 12.4 Die0 9.8 Deen 
5 SKCIAL: 41.1 PD 22 28.1 10.3 Devic 
6 34M1 35.6 eS 24.3 8.8 Bee 
7 ACIOIG/Al 39.6 13.8 Beh 10.8 Aye. 


Analyst, Shabbir Khan. 


“> Samples from 31 and 72 feet below the surface, respectively. 
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2. Chromites of Saplaitorgarh group 


This is one of the largest hills in the Zhob Valley and occupies an area 
of over 90 square miles. There are over 40 mines being worked in this 
hill, but like Jungtorgarh the deposits in this hill also show no definite 
shape, size or form. Many of the deposits are low-grade at the surface but 
improve in depth. The enrichment in CreQO3 content does not lead to an 
improvement in the Cr/Fe ratio. It can be stated that as a general rule 
the ratio does not vary substantially within the same deposit (Table 5, 
anal. 1-3). It will be noticed that chromites from this group show a very 
variable Cr2O3 content but the Cr/Fe ratio almost invariably shows a 
close approach to the theoretical ratio of 3:1. 


3. Chromites of Nasai group 


The third group is situated at a distance of 20 miles from Hindubagh, 
but the mines occur in almost a continuous belt from Hindubagh to 
Nasai. Here also the deposits vary in shape and size but are usually larger 
than in the other two groups. Most of the deposits in this group are low- 
grade at the surface but improve in depth. Over 80 mines are being 
worked in this group and some of these have produced as much as 35,000 
tons of chromite and are still shallow workings. Partial chemical analyses 
of seven samples from this group are given in Table 6. It will be noticed 
that all the samples show a Cr/Fe ratio smaller than 3:1. This holds both 
in the case of low- as well as high-grade ores. 


GENERAL DISCUSSION 


It is not safe to draw conclusions from such scanty data as are available 
at the moment, particularly when the area under discussion is so large. A 
few suggestions, however, are made here tentatively regarding the petro- 
genetic significance of the analyses given above. It is a well known fact 
that in the crystallization of basaltic magmas the minerals to crystallize 
first are rich in magnesium and low in iron. Less is known about the be- 
havior of chromium but chromite is generally regarded as an early 
crystallization product. With the continued crystallization the magma 
becomes richer in iron and poorer in magnesium and chromium; thus the 
minerals crystallizing in the later stages are enriched in iron. From the 
above remark it can be inferred that those of the chromites which show a 
high Cr/Fe ratio are earlier in age than those showing a lower ratio. Age 
relationships between the rocks of the Zhob Valley igneous complex are 
not known, and a great deal of research is needed before the petrogenesis 
of the various rock types (including the chromite deposits) can be worked 
out. Further work on this problem is in progress and the results will be 
presented at a later date. 
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Metuop or CHEMICAL ANALYSIS OF CHROMITE 
Preparation of the sample 


The material for analysis is ground to pass a 325 mesh screen. The fine grinding does 
not appear to result in excessive oxidation of ferrous iron (Seil, 1943), especially if the 
grinding is done by hand and the sample is screened frequently to avoid doing excessive 
work on the fines. The sample should be thoroughly mixed and it may be desirable to air 
dry the powder before mixing by spreading it in a thin layer on a glazed paper overnight. 

It should be noted that excessive amounts of certain impurities, for example silicate 
minerals, may lead to difficulties, particularly in the determination of ferrous iron by the 
indirect method described. 


Determination of water 


Water is determined by Penfield method, using lead oxide (PbO) as a flux. A moisture 
determination is hardly worthwhile as a rule, for it has been shown (Hartford, 1953), that 
a temperature of 200° C. or higher may be necessary to remove moisture from such samples, 
and there is a danger of oxidation of ferrous iron at this temperature. Also, silicate minerals 
present as impurities will probably contain chemically combined water, so that total water 
determination must be made in any case. 


Determination of ferrous iron 


The most reliable methods for the determination of ferrous iron in chromite are the 
closed tube (Mitscherlich) method and the indirect method of Seil (1943). Modifications 
of the latter have been devised, and these have been well summarized and discussed by 
Dinnin (1959). The essentials of the closed tube method have been described by Hillebrand 
(1953). In the present work the original procedure of Seil, slightly modified is used. The 
apparatus is illustrated in Fig. 3 and some comparative results are given in Table 7. 


RELIEF [7] |- VACUUM 
VALVE |- 
(6 
- TO 
MANOMETER 


— COOLING 
H,0—= BATH — 


Fic. 3. Apparatus for ferrous iron determination. (A) Standard 200 ml. round-bottom 
Pyrex flask. (B, C) Pinch clamps to control gas flow. (D) Bubbler containing 6 per cent 
sodium bicarbonate solution to which has been added slightly less than an equivalent 
amount of ferrous ammonium sulfate, to remove O. and HS from the carbon dioxide. 
(E) Washing bubbler containing water. (F, G) Bubblers containing standard dichromate in 
5 per cent sulfuric acid. All connections are made with heavy-wall Tygon tubing. 
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TABLE 7. COMPARISON OF FERROUS [RON DETERMINATION 
RESULTS BY VARIOUS METHODS 


Per cent FeO 


Sample 
Seil’s method Others 
Chromite 11.29 dies52 
Chromite Pil P25) DAL sows 
Chromite 21.40 21.42! 
Biotite 20.95 20.61? 
Ferrous ammonium sulfate 18.24 LSRS2e 


1 Closed tube method, R. B. Ellestad, analyst. 
? Solution in HF-H2SO,., permanganate titration. 
3 Theoretical value. 


Procedure 


To the two bubbler tubes F and G (Fig. 3) add 20 and 2 ml. (more or less, depending 
upon the ferrous iron expected) respectively of 0.1 NV potassium dichromate in 5% (v/v) 
sulfuric acid. Make up the volume in each tube to about 20-25 ml. with 5% sulfuric acid. 
To the reaction flask (previously filled with carbon dioxide if there is any danger of reac- 
tion between the wet sample and the air, as for example with ferrous ammonium sulfate 
used in standardizing and checking the procedure) add the sample, using a paper cylinder 
or other device to prevent it from sticking to the neck of the flask. Usually 0.5 gm. sample 
is used for chromite. Add 25 ml. of acid mixture (H;PO.: HeSO4: :4:1). Lubricate the 
ground glass joint with syrupy phosphoric acid, and assemble the apparatus as shown in 
iRig.—3. 

Evacuate slowly, start a slow current of carbon dioxide (1 bubble per second in the 
dichromate bubblers) and turn on the hot plate. Heat slowly until all water is boiled off, and 
finally hold the temperature of the air bath at 360° C. until reaction stops, and for 20 
minutes thereafter. Overheating must be avoided, particularly if silicate impurities are 
present. Clamp the suction line, and allow carbon dioxide to enter the apparatus slowly 
until it is at atmospheric pressure. Disconnect the dichromate bubblers, and wash their 
contents into a conical flask, using freshly boiled and cooled water. Displace the air with 
carbon dioxide, add approximately 4 grams of potassium iodide and 10 ml. of 1:1 sulfuric 
acid, wash down the sides of the flask with boiled water, cover, and allow to stand in dark 
for 5 to 10 minutes. Titrate with N/10 sodium thiosulfate solution, adding starch indicator 
as the end point is approached. 

Run a blank determination on the reagents, and correct the titration accordingly. It is 
advisable to determine ferrous iron in a known material (ferrous ammonium sulfate serves 
well if it has been assayed for ferrous iron content by direct titration with dichromate) to 
be sure that the carbon dioxide is free from oxygen. Reserve the solution of the sample for 
the determination of chromium. 


Determination of manganese and vanadium 


Manganese and vanadium are conveniently determined on the same sample after fusion 
with peroxide and leaching the melt with water. Manganese remains in the insoluble 
residue and vanadium is determined in the filtrate. 
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Procedure 


Fuse 0.5 gm. of sample with 5 gm. of peroxide in an iron crucible until a quiet melt is 
obtained. Cool, leach with water, add a little peroxide, boil for 1-2 minutes, and digest on 
the steam bath for 1 hour or until all peroxide is decomposed. Cool, and allow to stand 
overnight. Filter through a hardened paper (Whatman No. 41H) folded inside a retentive 
one such as S and S Blue ribbon. Wash thoroughly with dilute sodium hydroxide solution 
containing a little carbonate. Manganese is determined in the residue after solution in 
nitric acid by standard colorimetric procedures. 

To the filtrate add water and sulfuric acid to give 300-400 ml. of solution containing 
5% (v/v) of sulfuric acid. Add excess peroxide to reduce chromium, and boil to remove 
excess. Precipitate vanadium with cupferron as described by Schoeller and Powell (1955). 
Burn off the paper and precipitate at low temperature, fuse the residue with a little pyro- 


sulfate, take up with water, and determine vanadium colorimetrically as peroxyvanadate 
(Sandell, 1959). 


Determination of silica, alumina, titania, iron, calcium and magnesium oxides 


The main portion of the analysis follows traditional lines, but is complicated by the 
presence of large amounts of chromium. To avoid the introduction of platinum into the 
analysis, a wet attack using perchloric acid is favored. This results in the oxidation of 
chromium, which then remains for the most part in solution throughout the analysis. 
Nevertheless it is not possible to prevent the separation of a small part of the chromium 
with the ammonia group of elements, and manganese, which normally escapes precipita- 
tion with ammonia, is almost completely thrown down. Thus to obtain a figure for alumina, 
it is necessary to subtract from the ammonia group not only iron and titania, but chro- 
mium, vanadium, and manganese oxides as well. 

Since chromites seldom contain appreciable amounts of calcium, the oxalate precipita- 
tion which normally follows the ammonia precipitation is omitted, and calcium is allowed 
to coprecipitate as phosphate with the magnesium. In the absence of oxalate, nickel may 


be completely precipitated with magnesium, and should therefore be looked for, along 
with calcium and manganese in the Mg»P.Q;. 


Procedure 


Weight 0.7 gm. of sample into a 400 ml. beaker and add a little nitric acid and 50 ml. 
of concentrated perchloric acid. Cover, and place a stirring rod in the beaker spout, 
tangent to the bottom of the cover and touching opposite side of the beaker so that acid 
condensing on the cover will run freely back into the solution without condensing in drops. 
Heat on a plate, gently first but gradually increasing the heat until the sample is all in 
solution, the chromium is all oxidized, and the acid shows itself to be constant boiling by 
the fact that no spatter occurs when the condensate runs back into the solution. Continue 
boiling for 20 minutes after the stage is reached. 

Cool the mixture rapidly, add 50 ml. of water, stir, and boil for 1-2 minutes. Add 100 ml. 
of cold water and filter at once through a paper which has been washed with 25% perchloric 
acid. Scrub the beaker, transfer all the residue to the filter, and wash well with 2 per cent 
perchloric acid and then with hot water. Ignite to constant weight, and determine SiO» 
as usual by volatilization with hydrofluoric acid. Fuse the residue with a little sodium 
carbonate, and add it to the main solution. 

Heat to boiling, and precipitate with ammonia at pH 6.5-7.0 in the usual manner. 
Filter through a double paper and wash with 2 per cent ammonium nitrate solution. Re- 
turn the precipitate to the beaker, keeping the paper intact. Add 10 ml. of nitric acid 
and heat gently. When solution is complete, dilute to 150-200 ml., boil for a few minutes, 
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add about 5 ml. in excess of ammonia and 1 drop of 30 per cent hydrogen peroxide. Boil for 
10 minutes to destroy peroxide, make just acid with nitric acid, and then adjust the pH 
to 7.0 with ammonia. Heat to boiling and filter through the same paper as before. 

Repeat the precipitation a third time, macerating the inner paper and stirring just 
before filtering through the original outer paper. It is advisable to catch the three filtrates 
in separate beakers so that the progress of separation of the chromium may be followed. 
If the third filtrate is still highly colored, a fourth precipitation should be considered. 

Ignite and weigh the ammonia group oxides. Fuse the precipitate with pyrosulfate, 
leach with water containing 3-5 ml. of sulfuric acid, and evaporate or dilute to about 80 ml. 
Add strong (50%) sodium hydroxide solution until the precipitating iron hydroxide redis- 
solves on stirring only with difficulty. Heat 200 ml. of 5% sodium hydroxide to boiling in a 
400 or 600 ml. beaker. Add 1 ml. of 30 per cent hydrogen peroxide to the nearly neutralized 
solution of the oxides, and pour quickly into the hot alkali solution. Cover at once to pre- 
vent loss by spattering, then wash the contents of one beaker into the other completely. 
Heat to boiling, and digest the alkaline solution on the steam bath for two hours or more to 
decompose peroxide completely, stirring from time to time. Cool, stand overnight, and 
filter through a hardened paper (Whatman No. 41H) fitted inside a retentive one (S and S 
_ Blue ribbon). Wash throughly with 2 per cent sodium hydroxide containing a little sulfate 
and carbonate, and finally once or twice with water to remove some of the alkali salts. 

Determine chromium in the filtrate, either colorimetrically or titrimetrically with 
iodide and thiosulfate. If vanadium is not determined on a separate sample, it may be 
separated at this stage with cupferron after the chromium determination. 

A small amount of iron always escapes precipitation by sodium hydroxide, or finds its 
way in colloidal form through the tightest filter. This may be separated with the vanadium 
and determined colorimetrically with o-phenanthroline, or the alkaline filtrate may be 
evaporated to small volume, then diluted and filtered through a pulp filter, when the small 
ammount of iron so recovered can be added to the main sodium hydroxide precipitate. The 
latter procedure is necessary if the chromium is to be determined colorimetrically as 
chromate. 

Wash the sodium hydroxide precipitate, which contains the iron and titanium, into the 
precipitation beaker, transfer the paper to a platinum crucible, and ignite. Fuse the small 
residue with pyrosulfate, leach with water, and add the solution to the main one. Adjust 
to 5 per cent sulfuric acid, add peroxide, and determine titanium colorimetrically, reserving 
all the solution for the determination of iron. 

After the titanium determination, heat the solution to decompose peroxide, evaporate 
to about 50 ml., and precipitate platinum with hydrogen sulfide. Filter, and wash with 
dilute sulfuric acid. Boil off hydrogen sulfide, and evaporate the solution to about 50-75 
ml. Add 20 ml. of concentrated hydrochloric acid, and reduce the iron with a slight excess 
of stannous chloride. Titrate potentiometrically with potassium dichromate. 

Precipitate magnesium (manganese, calcium, nickel) in the filtrate from the ammonia 
group precipitate by adding 10 grams of diammonium phosphate and making the solution 
10 per cent in ammonia. After 48 hours, filter, wash with 5 per cent ammonia, dissolve the 
precipitate, and reprecipitate. Ignite and weight Mg:P20;. Dissolve the pyrophosphate in 
sulfuric acid and precipitate calcium in 80 per cent alcohol solution. Filter, wash with 80 
per cent alcohol, and dissolve the calcium sulfate in dilute hydrochloric acid. Determine 
calcium either gravimetrically after precipitation as oxalate or titrimetrically with versene. 
In correcting the magnesium figure, assume calcium present as Cas(PO,)». 

Evaporate the alcoholic filtrate from the calcium sulfate to fumes of sulfuric acid, 
dilute with water, and filter. Aliquot the solution and determine manganese colorimetri- 
cally after periodate oxidation, and nickel gravimetrically after precipitation with di- 
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| 
methylglyoxime. Assume that manganese and nickel were weighed as pyrophosphates | 
with the magnesium and make suitable corrections. 
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CONSTITUTION OF THE AgSbS:-PbS, AgBiS:-PbS, 
AND AgBiS:-AgBiSe. SYSTEMS 


J. H. Wernick, Bell Telephone Laboratories, Inc., 
Murray Hill, New Jersey. 


ABSTRACT 


Complete series of solid solutions with the disordered NaCl-type structure exist in the 
pseudo-binary AgSbS:-PbS and AgBiS:-PbS systems. Thus, synthetic compositions cor- 
responding to the minerals freieslebenite and diaphorite in the AgSbS.-PbS system have 
high temperature forms with the disordered NaCl structure. Only this cubic form was 
obtained for the composition corresponding to the mineral schermirite in the AgBiS:.-PbS 
system. Lattice constants as a function of composition for the cubic phase are presented. 
Negative departures from Vegard’s law occur, similar to those observed in the AgSbSeo- 
AgSbTe2-AgBiSe:-PbTe-PbSe system. The locus of temperatures and compositions for the 
order-disorder transition in these systems has been determined. The form of the phase 

diagram for the AgSbS:-PbS system and published structure data for AgSbS, diaphorite, 
_and freieslebenite indicate that all of the ordered solutions are related. 

The high and low temperature modifications of AgBiS, and AgBiSe form a complete 
series of solid solutions. The phase diagram for this system has been determined. Lattice 
constants as a function of composition for the cubic phase follow Vegard’s law, and this is 
presumed to be the case for the low temperature form. 


INTRODUCTION 


It has been shown that the ternary compounds AgSbSe, and AgSbTe:, 
and the high temperature forms of AgBiSe. and AgBiTe: have a dis- 
ordered NaCl structure (1) and form a complete series of solid solutions 
(2). In addition, the first three compounds form a complete series of solid 
solutions with the cubic (NaCl) compounds, PbTe and PbSe (3). No new 
phases were found to exist in these ternary-binary systems, as in the case 
of the AgSbS2-PbS system. 

The high temperature forms of AgSbS2 and AgBiS» also have the dis- 
ordered NaCl structure (1, 4). Se and Te stabilize the high temperature 
form of AgSbS, at room temperature. The low temperature form of 
AgBiS. is hexagonal and isostructural with AgBiSe2 (1). The low tem- 
perature form of AgSbS: has been determined to be monoclinic (5, 4). 
This study, which is a part of a broad program concerned with the semi- 
conducting behavior of compounds containing three or more elements 
(6, 7), was undertaken to determine the phase relationships in the 
AgSbS».-PbS, AgBiS»-PbS (Figs. 1 and 2) and AgBiS.-AgBiSe: systems. 


PROCEDURE 


Except for the AgSbS2-PbS alloys, each specimen was prepared by mix- 
ing the stoichiometric amounts of the constituent elements, placing the 
mixture in fused silica or vycor tubes, evacuating, sealing off, heating to 
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Fic. 1. (left) The AgSbS:-PbS pseudo-binary cut in the PbS-AgeS-Sb2S3 system. 
Fic. 2. (right) The AgBiS:-PbS pseudo-binary cut in the PbS-Ag2S-BizS; system. 


800° C., holding at this temperature for four hours, and furnace cooling. | 
For the AgSbS»-PbS alloys, Ag2S and SbeS3 were used for the AgSbSy 
component because of the miscibility gaps existing in this ternary sys- 
tem. If the elements are used, very high temperatures are required to 
pass over the miscibility gaps, and this results in excessive sulfur pres- 
sures. Differential thermal analyses were made to determine liquidus, 
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Fic. 3. The AgSbS:-PbS system. 
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solidus, and solid state transformation temperatures. AgSbS, and AgBiS» 
appear to have low dissociation pressures. 

X-ray powder photographs (CuK, radiation, Norelco Straumanis 
type cameras of 114.6 mm. diameter) were taken of all samples. In the 
tables of x-ray data, unless otherwise noted, the data refer to as-cast 
samples. 

Samples that were water quenched from high temperatures were 
sealed in evacuated pyrex tubes. A quench was considered sufficiently 
rapid when the tube shattered. Annealing experiments were also carried 
out on samples sealed in evacuated pyrex tubes. All annealed samples 
were furnace cooled. 


THe AGSBS.-PBS SystEM 


The phase diagram for this system (Fig. 3) was determined up to 50 
. mol % Pbs.* Lattice constants for the disordered NaCl phase (8) as a 
function of composition are shown in Fig. 4 and Table 1;* presumably 
the 6 phase extends to 100% PbS. Negative departures from Vegard’s 
law occur in this system, as well as in the AgBiS:-PbS system discussed 
below. This behavior is similar to that observed in the AgSbSe.-AgSbTe:- 
AgBiSe.-PbSe-PbTe system (3). These departures were explained as pos- 
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Fic. 4. Lattice constants at 25° C. for the cubic 6-phase in the AgSbS)-PbS system. 


* The melting point and solid state transformation temperature of AgSbS, (514° C. 
and 360° C. respectively) are in agreement with the values obtained by Jensen (8). The 
melting point of PbS was taken from reference 9. The solidus temperatures were deter- 
mined by comparing the differential analyses data with those of the ternary compounds 
which freeze isothermally. 

* Lattice constants for AgSbS», AgBiS:, and AgBiSe: were taken from reference 1. The 
lattice constant for PbS was taken from reference 10. 
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TABLE 1. Larrice Constants AT 25°C. FOR THE CUBIC B PHASE 
IN THE AgSbS2-PbS SysTEM 


Composition (Mol per cent) Lattice constant (A) 
| 
AgSbSs 5.647 0.003 
90 AgSbS.-10 PbS* 5.670 +0.003 
75 AgSbS2-25 PbS* 5.708 +0.003 
60 AgSbS:-40 PbS* 5.74 +0.01 
50 AgSbS2-50 PbS* 5.758+0.004 
PbS 5.936 


* Held 3 hours at 500° C., quenched in H2O. 


sibly due to the formation of vacancies, because the valence electron to_ 
atom ratio changes in this system, and/or to distortions arising from 
clustering of atoms of the 6 solution for eventual transformation. 

The low temperature form (a phase) of the mineral miargyrite, as well. 
as of synthetic AgSbS:, has been determined to be monoclinic (space 
group A2/m) (4, 5). An ingot of synthetic AgSbS., cooled from 800° C. te 
room temperature in 24 hours, and samples of (AgSbSs)o.9(PbS)o.1 and 
(AgSbS2)o.75(PbS)o.2 annealed one week at 330° C., gave identical «-ray 
powder patterns and were not isostructural with the a phase reported by 
Graham.** However, a zone refined sample of AgSbSe, annealed one week 
at 330° C., gave a powder pattern which did match Graham’s powder 
data. 

The structure of diaphorite (ideal formula (AgSbSe)o.6(PbS)o.4, @ 
phase, Figs. 1 and 3) has been determined by Hellner (11) and is mono- 
clinic (space group P2;/a). The structure of freieslebenite (ideal formula 
(AgSbS2)o.5(PbS)o.5, a phase) has been determined by Palache, et al (12) 
to be monoclinic (space group P2;/n). Hellner (11, 13) has shown that 
the structures of diaphorite and freieslebenite can be deduced from the 
PbS structure. Indeed, this research shows* that synthetic compositions 
corresponding to these minerals have a high temperature form with a 
disordered NaCl structure. Synthetic samples of (AgSbSs)o.¢6(PbS)o.4 
and (AgSbS»)o.5(PbS)o.5, as well as samples annealed 17 days at 150° C., 
were identical but different from the published powder data for the min- 
erals (9). In addition, the «-ray patterns were different from photographs 
of synthetic AgSbSe, (AgSbSe)o.9(PbS)o.1 and (AgSbS»)0.75(PbS) 0.25 dis- 


** The high angle lines on the photographs of all the ordered samples were extremely 
broad and in nearly all cases not discernible. On the other hand, the cubic form, which was 
quenched to room temperature, gave sharp high angle reflections in all cases, with Ka, and 
Kay resolved. This indicates that the ordered structures were in a high degree of strain. 

* As predicted jointly by the author and S. Geller. 
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Fic. 5. The AgBiS2-PbS system. 


cussed above. The differences here showed up in a splitting of the low 
angle lines for the PbS rich compositions. 

The form of the phase diagram (Fig. 3) and the published structure 
data for miargyrite, diaphorite and freieslebenite indicate that all of the 
ordered solid solutions (denoted by a@ phase) are related. The fact that 
the powder patterns of AgSbS» and the ordered solid solutions are not 
identical may be due to the presence of metastable phases, and equili- 
brium was not attained during the time of annealing. 


THe AGBrIS.-PBS SysTtTEM 


As pointed out above, the high temperature form of AgBiSy is dis- 
ordered NaCl (8 phase) and the low temperature form (@ phase) is hex- 
agonal (space group P3m1). The high and low temperature forms of 
AgBiSe. are isostructural with AgBiS, (1). On heating, hexagonal 
AgBiSe. transforms at 120° C. to a rhombohedral form (space group 
R3m) and on further heating, transforms to the NaCl structure at 
287° C. (1, 2). The transformation from the hexagonal to the rhombo- 
hedral form of AgBiSes, which involves slight atomic displacements, was 
shown to exist by high temperature x-ray photography (1). No heat effect 
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TABLE 2. LATTICE CONSTANTS AT 25° C. FOR THE CUBIC 8 PHASE 
IN THE AGBIS:-PBS SYSTEM 


Composition (Mol per cent) Lattice constant (A) 


AgBiS2 5.648 + 0.003 
90 AgBiS:-10 PbS* 5.660 +0.003 
80 AgBiS:-20 PbS 5.684+0.003 
75 AgBiS.-25 PbS 5.690 +0 .003 
75 AgBiS2-25 PbS* 5.690 +0 .003 
50 AgBiS.-50 PbS 5.752 +0.003 
50 AgBiS:-50 PbS* 5.751 +0.003 
PbS 5.936 


* Held 3 hours at 500° C., quenched in H20. 


is observed for this transition, and it is concluded to be higher than first — 


order (1, 2). No similar attempt was made to establish the existence of 


this transition in AgBiSs, but it is presumed that this intermediate form | 


of AgBiS: exists* (1). 

The phase diagram for this system (Fig. 5) was determined up to 50 
mol % PbS, and presumably a complete series of solid solutions (8) hav- 
ing the disordered NaCl structure exists in this system. Lattice constants 
for the 68 phase as a function of composition are shown in Fig. 6 and 
Table 2. 

A sample of (AgBiSs)o.s(PbS)o.2 (ideal composition of the mineral 
schirmerite) annealed five weeks at 100° C. was still cubic and did not 
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Fic. 6. Lattice constants at 25° C. for the cubic 6-phase in the AgBiS:-PbS system. 


* No notation for this transition is made on the AgBiS:-AgBiSes diagram, Fig. 7. 
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show any evidence of ordering. Crystallographic data for the mineral are 
not available. Wichman (14) has pointed out that the specimen used by 
Harcourt (15) for his table for identification of ore minerals probably was 
a member of the tetrahedrite group and not schirmerite. 


THe AGBrIS.-AGBISE, SYSTEM 


The phase diagram (Fig. 7) shows complete series of a and 6 solid solu- 
tions. Lattice constants as a function of composition (Table 3, Fig. 8) for 
the 8 phase follow Vegard’s law, similar to that observed in the AgBiSes- 
AgBiTe, system (2). Presumably, similar behavior should occur for the 
a solid solutions. 


TABLE 3. LATTICE CONSTANTS AT 25° C. FOR THE CUBIC 6 PHASE 
IN THE AGBISo-AGBISE2 SYSTEM 


Composition (Mol per cent) Lattice constant (A) 
AgBiS: 5.648 +0.003 
75 AgBiS:-25 AgBiSe2* 5.701 £0.003 
50 AgBiS:-50 AgBiSes* 5.734+0.003 
25 AgBiS:-75 AgBiSe2* 5.783 £0.003 
AgBiSes 5.832 +0.003 


* Held at 500° C. for 3 hours, quenched in H20. 
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PAPAGOITE, A NEW COPPER-BEARING MINERAL 
FROM AJO, ARIZONA* 


C. OSBORNE Hutton, Stanford University, Stanford, California, 
AND ANGELINA C. Vuisipis, U. S. Geological Survey, 
Washington, D.C. 


ABSTRACT 


Papagoite, a rare hydrous copper calcium aluminum silicate, has been recognized, to- 
gether with ajoite, as a strictly local occurrence, in metasomatically altered rocks at Ajo, 
Pima County, Arizona. The mineral forms more or less equidimensional crystals, less than 
1 mm. in length, that are slightly flattened parallel to {001} with faces in the zone [010] 
well developed. The forms ¢{001}, g{401}, and m{110} are dominant in most cases, with 
d{102}, e{101}, f{201}, h{601}, and a{100} usually less prominent. Goniometric measure- 
ments lead to an axial ratio of 1.109:1:0.415, with 6=100°30’. A distinct cleavage parallel 
to (100) was noted in thin sections but it was not evident in crystals or fragments thereof. 
Papagoite is monociinic prismatic, space group Cm, C2, or C2/m, with a=12.91 A, b= 11.48, 
_ ¢=4.69, all values +0.01 A; 6=100°38’; a:b:c=1.124:1:0.408. A powder pattern is re- 
corded and it has been indexed up to 26> 65°; the d-spacings and intensities of the five 
strongest lines are: 2.874 A (10), 4.29 (9), 2.204 (9), 2.795 (8), and 3.44 (8). 

The mineral has a cerulean blue color in hand specimen and is distinctly pleochroic. 
Biaxial, negative; a=1.607, B=1.641, y=1.672, y—a=0.065; 2V=78°; dispersion faint, 
r>v; X=very pale glaucous green to colorless, Y=cendre blue, Z= Venice green; Z>Y>K; 
X/)\c=44° or X/\a=35°, both in the acute angle, and Z=b. Y is very nearly normal to the 
form /{201}. Specific gravity =3.25 (meas. and calc.). 

A complete chemical analysis is reported, and dehydration and ammonia-exchange 
experiments indicate strongly that hydrogen is present as (OH) and not as H2,O molecules. 
Calculation of cell contents indicates that a small amount of silicon in the |Si-O] tetrahedra 
may be replaced by [H,4], and accordingly the following formula is proposed for papagoite: 
Cas(Cu, Mn, Fe)4.o2(Al, Mg, Ti)s{Si(H4)Al}sO24(OH)12.1s. This may be simplified to: 
4{CaCuAl[SiO3]2(OH)s}. 

The mineral has been named for the Indian tribe that once inhabited the region in which 
the mining center of Ajo, Arizona, is situated. 


OCCURRENCE 


The papagoite-bearing specimens were found at Ajo, Arizona, in an 
isolated pocket 150 ft. below ground-level at the 1750 level in an area that 
has now been entirely removed. The nearest high-grade sulfide ore now 
lies 50 ft. below and 1000 ft. east of the papagoite locality. 

The mineral, together with minor amounts of fibrous radiating aggre- 
gates of later-formed ajoite (Schaller and Vlisidis, 1958), form narrow 
veinlets (Fig. 1) and veneers on slip-surfaces in an altered rock that con- 
sists chiefly of interlocking anhedra of quartz and dusty albite (Abg7~9s). 
Associated with this assemblage are lesser amounts of sericite, epidote, 
and calcite, and minor quantities of apatite that is weakly dichroic, 


* Publication authorized by the Director, U. S. Geological Survey. 
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Fic. 1. Veinlets of papagoite in an assemblage of clear quartz and dusty albite; the black 
areas are manganese and iron oxides and hydroxides. The small patch of fibrous material 
near the center of the drawing is ajoite. Ajo, Arizona. 


stumpy crystals of rutile, sphene, shghtly metamict zircon, tiny well- 
formed, sharply pyramidal crystals of anatase, alunite, and patches of 
brown manganese and iron hydroxides; rare tenorite may also be present 
in these brown areas. Sulfides were not detected in the material examined. 
Clearly the specimens are the product of metasomatism but, since no rel- 
icts of the original unaltered material remain, one is unable to say if the 
specimens have been derived from the monzonite! itself. 

The mineral described herein has been named papagoite® after the 
Indian tribe that inhabited the area in which the active mining center of 
Ajo is situated. 

PHYSICAL PROPERTIES 


In hand specimen, the color of papagoite is very close to Ridgway’s 
cerulean blue (Ridgway’s Plate 8, 45. BG-B), and in thin section, or in 
crushed particles with a thickness of about 0.03-0.04 mm., a strong 
pleochroism is evident. The following optical data have been determined: 
a=1.607, +0.001, 8=1.641, y=1.672, y-2=0.065; X=colorless to very 


' For comprehensive studies of the geology of Ajo, Arizona, in particular, and the region 
in general, the reader is referred to the work of J. Gilluly (1937 A, 1937 B, 1946). 

* PAPAGOAIT (Royal Geographic Society (R.G.S. II) System); pipiigdite (American 
usage). 
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pale greenish-blue (pale glaucous green, Ridgway’s Plate 33, 39’’. B-G, 
f), Y=blue (cendre blue, Ridgway’s Plate 8, 43. G-B, b), Z=deep green- 
ish blue (Venice green, Ridgway’s Plate 7, 41. BB-G, b). Z>Y>X. 
2V=78°+1°, and negative optic sign. Dispersion is exceedingly faint 
with r>v. The extinction angle X/\c=44°, or X/\a=35°, both in the 
acute angle, whereas Y/\c=46°. Y to the perpendicular to (001) is ap- 
mroximately 36°. Z=6 (Fig. 2). 

If crystals that exhibit prominent development of the form {201} are 
oriented in mounting media with (201) parallel to the microslide, slightly 


Fic. 2. Optical orientation of papagoite from Ajo, Arizona. The plane of the 
drawing is perpendicular to the b-crystallographic axis [=Z]. 


off-centered optic normal interference figures are observed. The refrac- 
tive index y and a value very close to a may be measured when a crystal 
is oriented in this fashion, whereas for crystals lying on the dominant 
face in the zone [010], v7z., (001), the appropriate vibration directions 
have the refractive indices a’ = 1.615 and y = 1.672. This is the most usual 
aspect assumed by crystal fragments in immersion media if the appro- 
priate face in the zone [010] has not been destroyed during removal of 
crystals from matrix. If crystal fragments should lie on (401), then the 
refractive indices are equivalent to y and a value almost equal to a. 

The mineral has a hardness of about 5-54, that is, it may be scratched 
by adularia but not by apatite, and the specific gravity at 19° C. of the 
analyzed material was determined to be 3.25 by centrifuging the powder 
in bromoform—diiodomethane mixtures. During separation of papagoite 
from the matrix the specific gravity of any one fraction did not vary 
from 3.25 by more than 0.005. A distinct cleavage parallel to (100) is 
evident, but this is to be seen only in sections of papagoite that have 
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} 
been carefully oriented and cut parallel to a plane perpendicular, on 
nearly so, to the vertical crystallographic axis. | 


| 
| 


CRYSTALLOGRAPHY 


Only partially complete crystals were available to the writers and, 
these were found in occasional vugs in quartz veinlets; none exceeded, 
0.75 mm. in length. Although they were detached from the walls of | 
host with care no complete euhedra were found. 

Crystals tend to be slightly elongated parallel to the b-axis, the domi- 
nant zone axis, and somewhat flattened parallel to {001}. All faces in the 


Fic. 3. Typical crystals of papagoite from Ajo, Arizona. 


zone [010] are strongly striated parallel to the zone axis. Goniometric 
measurements yielded data that lacked desirable preciseness on account 
of oscillatory combination of faces, but more so because of the presence 
of satellites and accessories that may depart as much as 4° from the 
orientation of the planes which support them (Fig. 3A, C). Only one gen- 
eral habit was found, and in most of the crystals observed c{001}, 
g\401}, and m{110} are dominant (Fig. 3C). Other faces in the zone 
[010] are d{ 102}, e{ 101}, f{ 201}, 2{601}, and a{100}. The dominance of 
c,001} and d{102}, or sometimes f{ 201}, and a marked suppression of 
a\100} leads to crystals that are tabular in form (cf. Fig. 3B). Faces of 
oe form m{110} are, for the most part, devoid of satellites and striations 
and consequently they yield good reflections. The satellites are clearly 
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TABLE 1. INTERFACIAL ANGLES FOR PAPAGOITE 


Meas. angles No. of meas. made Calc. angles* 
100 /\110 47°30’ 5 47°50’ 
001 /A\102 10° 4 9°50’ 
102/101 9° 4 8°40’ 
101/201 13°30’ 4 13°40’ 
201/\401 16° 4 16°10’ 
401 /\601 8°30’ 2 8°25’ 
601 /\100 PIESVY D WIR SS)! 
110/A\110 84° 5) 84°15’ 
110/001 83° 5 82°55’ 


* Since the unit cell dimensions from «x-ray data are considered to have an accuracy of 
one part in 1,000, the calculated angles in this column are given to the nearest 5’. This 
argument applies to the angles listed in Table 2 also. 


the result of crystal growth, since no indications of etch phenomena are 
apparent. Pyramidal faces appear to be absent from the nine crystals 
that were available for study. 

Goniometric measurements, which are considered to have an accuracy 
that is no better than +30’, are given in Table 1, where these data may 
be compared to the interfacial angles that have been derived by calcula- 
tion from cell dimensions yielded by single-crystal x-ray work. The values 
listed for the measured angles are, in each case, averages of several meas- 
urements. 

The data secured by goniometric measurement lead to an interaxial 
ratio of a:6:c=1.109:1:0.415 with @=100°30’, compared to the data 
derived from «x-ray measurements, viz., a:b:¢=1.1245:1:0.4085, 


TABLE 2. STANDARD ANGLE TABLE FOR PAPAGOITE 


Monoclinic prismatic. a:b:c=1.1245: 1:0.4085; 8=100°38’; po: go:ro=0.3632:0.4015:1; 
7° po? qo= 2.4906 :0.9046: 1; w=79°20’; po’ =0.3695, go’ =0.4085, «o’=0.1877. 


> p 2 po=B (Cc A 
c 001 90°00’ 10°40’ 79°20’ 90°00’ 0°00’ 79°20’ 
a 100 90°00’ 90°00’ 0 00 90 00 79 20 0 00 
m 110 42 10 90 00 0 00 42 10 Sy) SNS) 47 50 
e101 90 00 29 10 60 50 90 00 18 30 60 50 
f 201 90 00 42 50 47 10 90 00 32 10 47 10 
¢ 401 90 00 59 00 31 00 90 00 48 25 31 00 
h 601 90 00 67 25 22 35 90 00 56 50 WBS 
d 102 90 00 20 25 69 35 90 00 9 50 69 35 
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8=100°38’. On the basis of the latter, the standard angles, linear, axial 
and polar ratios, etc., have been calculated and presented in Table 2. | 
X-RAY STUDY 

Considerable difficulty arose when attempts were made to orient 
crystal fragments for single-crystal study because of the development o 
satellites or accessories on each crystal. Even fragments that measured) 
about 0.1 mm. in diameter yielded x-ray diffraction patterns that one 
would expect to find for polycrystalline material. In the simplest case, it 
was possible to orient the fragment so that straight, parallel layer lines 
yielded by the host were dominant, but, at the same time, were con 
siderably obscured by reflections due to satellites whose orientation 
differed from that of the host by as much as 4° in some instances. This 


situation was most serious for rotations about the a and 6 axes, since the 
reciprocal spacings perpendicular to these directions are relatively small, 
with the result that layer lines are crowded. After considerable experi 
mentation it was found that crystal fragments with diameters consider- 
ably less than 0.1 mm. were necessary if clean, single-crystal patterns 
were to be secured, and this situation made handling and orientation 
difficult. 

Using Ni-filtered copper radiation, and a camera of 57.29 mm. diam- 
eter, single-crystal rotation photographs were obtained for rotation 
about three axes, and Weissenberg films for each layer were also obtained. 
Zero-layer photographs, calibrated with quartz, gave the following cell 
dimensions: a=12.91 IN. b=11.48, c=4.69, all values +0.01 A; b= 
100°38’ + 6’. This leads to the ratio a:b6:c=1.1245:1:0.4085. A study of 
the Weissenberg films indicates the following extinctions: hkl with h+k 
odd; hence a C lattice. With the morphology of the crystals taken into 
account, this leads to three possible space-groups: Cm, C2/m, or C2. No 
tests for centrosymmetry have been made. 

The powder pattern for papagoite (Table 3) has been indexed up to 
approximately 28=65°, on the basis of the cell dimensions obtained by 
single-crystal study. Reflections at angles greater than 20= 65° tend to be 
weak and often are quite diffuse; furthermore, owing to numerous coin- 
cidences, indexing of the high-angle reflections is unsatisfactory. 


CHEMICAL COMPOSITION 


Crystal fragments of papagoite must be heated in a closed tube to a 
dull red heat before any indication of decomposition is observed; when 
this does occur the mineral breaks down without decrepitation and water 
is evolved. A drab brown powder remains and since the temperature of 
decomposition is high, fusion with the glass of the tube results. 
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TABLE 3. X-RAY PowpER DirFRACTION DATA FOR PAPAGOITE, Ajo, ARIZONA 
eee material; film No. 717. Cure (Ni filter), Ka=1.5418 A. Camera 
diameter = 114. 59 mm., cut-off at ca. 18.5 A. Spacings corrected for 
film shrinkage. cimnlined formula: 4{Ca, Cu, Al [SiO;]2(OH)s}. 
a=12.91 A, b=11. 48, c=4.69, B=100°38’; Cm, C2/m, or C2. 

1 d (meas.) | d (calc.)? hkl ie d (meas.)| d (calc.)? hkl 
7 6.33 6.36 200 <il 1.935 1.934 422 
5.74 020 1.9295 DPD, 
7 4.61 4.61 001 6 1.912 1.913 060 
9 4.29 4.28 ite 1.908 332 
4.255 220 1.905 SZ, 
1 4.12 4.11 201 1.864 1.864 512 
1 3.95 3.96 310 <il 1.846 1.848 441 
7 3.85 3.85 111 1.819 531 
1 3.67 SON 130 1.800 601 
3.59 021 3 1.798 1.798 242 
8 3.44 3.44 201 1.797 042 
1 3.34 3.34 221 Ol 710 
6 3.30 3.30 311 1.767 061 
<a) Sy ily/ S017 400 1.726 602 
2 mos 2.95 221 1.720 402 
2.945 Ugil 4 1.719 1.719 621 
10 2.874 2.872 401 4 1.702 1.703 550 
2.870 040 1.693 532 
1 2.833 2.836 330 1.690 332 
8 2.795 2.796 131 <1 1.680 1.680 641 
2.780 311 1.669 442 
Dei 420 7 1.667 1.667 242 
2 2.616 2.616 240, 1.652 622 
2 2.565 2.570 421 1.648 422 
DHSS 331 Dy 1.638 1.638 730 
y 2.477 2.479 510 2 1.633 OS? 731 
3 2.437 2.436 041 3B 1.591 1.587 800 
1 2.409 | 2.413 401 [1.561 203 

4 2.368 2.367 511 1 1.560 | - 
Dy) 241 |1.s50 712 
2.307 202 1.554 512 
2.305 002 1 1.545 1.546 mg} 
Ieee mi 32.209" |, 2/907 112 1.537 003 
\3B 2.292 2.293 331 <iil 12534 fRoo5 821 
1). DS 421 1.529 820 
9 2.204 2.204 241 i525 641 
2.159 i 4 1.524 1.524 313 


' Intensities were estimated visually. 


* dni calculated for all reflections observed on Weissenberg films down to 1.428 A. 
B: Broad line. 


IDR 


Diffuse line. 
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TABLE 3 (Continued) 
if d (meas.) | d (calc.)? hkl Je d (meas.) | d (calc.)? hkl 
2 2.140 2.141 222 <1 1.498 1.496 403 
2.139 022 1.483 1.484 023 
1 Drls() 2.130 440 1.479 642 
2.116 530, 600 2 1.475 1.475 442 
<a 2.073 2.073 601 1.472 062 
1 2n052 2.053 402 1.468 731 
2.048 202 1.455 732 
2.045 531 1 1.450 1.451 532 
<il 2.034 2.035 511 1.447 423 
2.030 441 1.445 133 
<i 1.999 1.999 132 2 1.437 1.437 802 
1 1.983 1.984 620 1.435 | 080, 203 
1.950 621 1.433 602 
1 1.4305 
1.428 333 
I d (meas.) I d (meas.) 
<I 1.416 By 1.162 
<i 1.403 Al) 1.146 
2 1.393 1B Ub 1838) 
{1 1.376 1 1.1195 
i 15372 1 1.102 
2 1.356 1 1.084 
1D o23 2 1.063 
1 1.293 il 1.0495 
2 1.284 1 1.023 
1 LPS 1 1.013 
<il 1.240 1 .972 
2 1.229 Sil .959 
7210) 1.219 <1 .9525 
<1 1.195 <il 944 
il 1) Le, <a 925 
1 1.168 <1 .838 
<1 


Finely crushed papagoite dissolves very slowly in boiling concentrated 
HCl, and after 24 hours treatment with a hot constant-boiling mixture of 
HCl, only partial solution has occurred with concomitant separation of a 


790 


flocculent form of silica. 


Several crystals were immersed in ammonium hydroxide (sp. gr. ap- 
prox. 0.89 at 21° C.) in a tube, and the appearance of the mineral par- 
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ticles was observed from time to time. Absolutely no change was ob- 
served at the end of 72 hours. The same crystals were then placed in a 
tube and about 20 ml. of liquid ammonia added; the tube was then im- 
mersed in a mixture of acetone and dry ice in a Dewar flask. After 24 
hours some liquid ammonia was still present but the tube was caked with 
ammonium carbonate crystals. On recovery, the color of the papagoite 
crystals was found to be completely unchanged. Accordingly, in neither 
experiment had a significant amount of ammonia-exchange taken place 

A 0.42-gm. sample of pure papagoite was heated to temperatures up to 
800° C., and at intervals of approximately 50°—-75° C., the weight of water 
evolved was recorded. Virtually no water was given off until a tempera- 
ture of 500° C. was attained. Between that temperature and 750° C. al- 
most all of the water was freed from the mineral. No indication of any 
discontinuity was found in the dehydration curve (Fig. 4). 

For the determination of the extent of physical changes in papagoite 
during heat-treatment, x-ray powder patterns were obtained for samples 


OF WATER 
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Fic. 4. Dehydration curve for papagoite. Temperatures of 700° and 800° C. are +50° C. 
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TaBie 4. ANALYSIS OF PAPAGOITE AND CALCULATED CELL CONTENTS 
Analyst: Angelina C. Vlisidis 


Wt. percent Tonic radii Cations 
SiO: 33.60 0.41 Si 7.48 7.48 
(Ay) .307 8.00 
22 
Al.O3 15/8 0.50 Al 4.14 
| 3.92 
MgO 0.09 0.65 Mg 03 .03> 4.00 
TiO: 0.26 0.68 anh 05 05 
FeO OPT 0.75 Fe 05 05 
MnO 0.10 0.80 Mn 02 .027 4.02 
CuO PRS aS: 0.83 Cu 3.95 3.95 
CaO 17.02 0.99 Ca 4.06 4.06 4.06 
((To Si) 1.20 
H,O-+ 9.01 — H 13.38; 
APA, ASS 192, es 
H,0 — 0.04 
99.70 
Si: 7.48 
DPA Vio tie hes Mines @ une @a)mume 2760. 
Oxygen: 36.07 
Hydrogen: 13.38 
Cell weight: D2 e2op Ome omss 


Factor: 1337.26 


heated in air at temperatures of 460° and 720° C. The material heated at 
the lower temperature yielded a pattern that is identical with that of the 
untreated mineral. On the other hand, papagoite heated at 720° C. for 
2% hours yields a complex powder pattern in which lines due to tenorite 
are dominant, but many additional, but less intense lines, not due to the 
copper oxide, are present. The strongest lines of these correspond in a 
general way to those reported for the artificial orthorhombic silicate of 
aluminum and calcium (Davis and Tuttle, 1952, p. 110), a compound 
that might be expected with these conditions. Accordingly, the absence 
of ammonia-exchange phenomena, and the x-ray data yielded by heat- 
treated material would seem to suggest that in papagoite hydrogen is 
present entirely as hydroxyl and not as molecular water. 

A complete chemical analysis of papagoite is reported in Table 4. A 2- 
gm. sample for the analytical work was obtained by first handpicking a 
crude concentrate of papagoite from a specimen that had been crushed to 
pass through a 16-mesh screen (Tyler Series). This concentrate was then 
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hand-crushed to pass through bolting silk of approximately 0.06 mm. 
mesh, and the resulting material was repeatedly centrifuged until a pure 
fraction was secured. 

The cell contents have been calculated from the weight per cent of each 
oxide on the basis of the relationship P,,/100M X W/1.6603, where the 
oxide is expressed as P,,O,, M=molecular weight of the oxide, and 
W =cell weight. It will be noted that the numbers of Al, Cu, and Ca ions 
are extremely close to the figure of 4 in each case, oxygen to 36, but the 
figures for Si and H are irrational. In attempting to write a formula it 
should be remembered that dehydration data and failure to prepare 
ammonia-exchange products suggest very strongly that water molecules 
are absent, and instead, hydrogen is present as hydroxyl. One of the 
difficulties that arises, however, is the means of accommodating all of the 
hydrogen ions. If all of the hydrogen is present as (OH) ions, the Si-O 

ratio that appears to be most probable is 1:3, that is, [SiOs],,. The Si-O 
arrangement found in the phyllosilicates, v7z., [SisO10], appears to be a 
possible linkage if large amounts of the Al are considered to be in four- 
coordinated positions. Under these circumstances, a rather unsatis- 
factory formula may be developed but it should be noted that the phys- 
ical properties of the mineral do not seem to support the belief that papa- 
goite has a sheet structure; caution must be observed, however, in this re- 
spect, since datolite contains infinite sheets (Ito and Mori, 1953, p. 30; 
Christ, 1959, p. 176), even though the external physical properties of 
that mineral do not suggest it. 

On the basis of an Si-O ratio of 1:3 one may write a simple formula, 
except that one finds a deficiency of Si and an overabundance of H ions. 
This leads one to envisage the different ways in which hydrogen, unac- 
companied by extra oxygen, may be accommodated in silicates. These 
possibilities may be summarized as follows: 


1. Replacement of oxygens in the Si-O tetrahedra by (OH) so that (SiO;0H) groups 
are formed as in the mineral afwillite, Cas(Si0;0H)2:2H2O (Megaw, 1952, p. 477- 
491). 

2. [OH], may replace [SiO,] as in hydrogrossular (Hutton, 1943), zircon, thorogummite 
(Frondel, 1953), viséite (McConnell, 1952), etc., and it may partially replace [SiO4] 
groups that link together to form the SijsO4s arrangement in amphiboles (Zussman, 
1955, p. 301-308; Nicholls and Zussman, 1955, p. 717-722; Hutton, 1956, p. 231- 
232) 


Now, so far as papagoite is concerned, replacement of some of the 
oxygens of the Si-O tetrahedra in the [SiO;] groups by [OH], in a manner 
similar to that which has been shown to be the case for afwillite, is un- 
satisfactory since there are insufficient cations of suitable ionic radius to 
bring the Z group to the supposed figure of 8, and, at the same time, pro- 
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vide a suitable electrostatic balance elsewhere in the arrangement. With 


the second alternative arrangement, however, a good measure of agree- | 


ment is obtained if 1.20 hydrogens and 0.22 aluminum are considered to 
replace silicon in order to bring the Z group to the figure of 8; at the 
same time this leaves approximately 12 hydrogens to form hydroxyl and 


} 


24 oxygens for the [SiOs],, groups. Upon this understanding, the suggested | 


distribution of ions is given in Table 4. 


On the basis of the figures in the last two columns in Table 4 the em- | 


pirical cell contents may be expressed as follows: 


Ca4.o6(Cus.95, Mno.02, Feo.os) (Als.92, Mg0.03, Tio.0s) [Siz.4s(H4) 0.sAlo.22]024(OH) 12.18 
4.02 4.00 8.00 


The formula may be expressed more generally as follows: 


CasCugAly { (Si, Al]3-nO24—4n(OH) 4n } (OH) 12) 


or under the assumption that the silicon positions may be, under other | 


circumstances, fully occupied by silicon, the formula for papagoite may | 


be written as follows: 


4{CaCuAl[SiO3]2(OH)5s}. 
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THE SUBSTITUTION OF OXYGEN FOR SULFUR IN 
WURTZITE AND SPHALERITE* 


BRIAN J. SKINNER and Pau B. BARTON Jr., U.S. 
Geological Survey, Washington 25, D.C. 


ABSTRACT 

Small amounts of oxygen can substitute for sulfur in wurtzite and sphalerite. ‘The } 
maximum amount of oxygen found in synthetic sphalerite in this study is 0.7 weight per 
cent ZnO compared to a maximum of 1.0 weight per cent ZnO in wurtzite (Kroeger and 
Dikhoff, 1952). The addition of 0.7 weight per cent ZnO to sphalerite reduces the unit cell 
edge from 5.4093 +0.0002 A to 5.4065+0.0003 A. This decrease explains the discrepancy 
between unit cell measurements on “pure” sphalerite made by various workers. 

Oxygen was found in ZnS precipitated by passing H2S gas through an aqueous solution 
of ZnSO, at room temperature. Oxygen can be added to pure ZnS by heating ZnS with ZnO. | 
The oxygen can be removed by heating the Zn(S, O) with excess sulfur or with an oxygen | 
getter such as metallic magnesium. | 

X-ray analysis of a few natural sphalerites supports calculations that show that the | 
amount of oxygen present in sphalerite under equilibrium conditions should be below the | 
limits of analytical detection. 


INTRODUCTION 


Small amounts of oxygen can substitute for sulfur in wurtzite and 
sphalerite. Sphalerite with a ZnO content of 0.7 per cent by weight and 
wurtzite with a ZnO content of 1.0 per cent by weight can readily be 
synthesized. The presence of oxygen in solid solution in wurtzite or 
sphalerite causes a measurable change in some of the physical properties 
of both phases. A discussion of the effect of oxygen on the unit cell edges 
of the two ZnS polymorphs is worthwhile for three reasons. 

First, in phase equilibrium studies the presence of oxygen in the ZnS 
possibly may have significant effects on the activity of ZnS and thus 
modify the stability relations, although this effect may very well prove 
to be below the limits of observation. 

Second, the composition of sphalerite solid-solutions are frequently 
determined in the laboratory by unit cell edge measurement, and the un- 
detected presence of oxygen can lead to serious errors in interpreting the 
results. 

Third, oxygen has been found in both wurtzite and sphalerite synthe- 
sized by precipitation from aqueous solution at room temperatures. Be- 
cause ZnO has the wurtzite structure, the presence of oxygen in solid 
solution in ZnS may possibly play a role in promoting the metastable 
precipitation of wurtzite or of ZnS polytypes in mineral deposits. One of 
the factors contributing to the metastable growth of wurtzite at low tem- 
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perature may be the availability of oxygen or other trace constituents. 

Kroeger and Dikoff (1952) demonstrated that oxygen replaces sulfur 
in the wurtzite structure, causing a decrease in the unit cell edges. To the 
best of our knowledge, it has not previously been demonstrated that 
oxygen forms a measurable solid solution in sphalerite, though it would 
be surprising if oxygen entered one polymorph and not the other. 


PREPARATION OF MATERIALS 


Sphalerite and wurtzite were prepared by heating zinc filings and ele- 
mental sulfur in sealed, evacuated, silica-glass tubes. Zinc filings were 
prepared from rods of high purity zinc purchased from Central Research 
Laboratories, American Smelting and Refining Company. Elemental 
sulfur was obtained as clean lumps of high-purity, carbon-free sulfur, 
from the Freeport Sulfur Company. Analyses of these materials are pre- 
sented by Skinner and others (1959). 

Freshly prepared zinc filings and sulfur were weighed, loaded and 
sealed in evacuated silica-glass tubes. The sealed tubes were placed in a 
cold furnace and the temperature raised to 900° C. in approximately 5 
hours and held at this level for 24 hours. A fine-grained white powder of 
sphalerite resulted. After the charge cooled any excess sulfur or excess 
zinc was clearly visible under the binocular microscope. Prolonged heat- 
ing for a week or more at 900° C. produced recognizable single crystals of 
sphalerite up to 0.05 mm. in diameter. Pure wurtzite was produced in a 
comparable manner by heating the charge above 1020° C., the sphaler- 
ite-wurtzite transition temperature. 

The sphalerite prepared from zinc filings and elemental sulfur was 
optically isotropic and the x-ray diffractometer tracings showed sharp, 
symmetrical reflections. The wurtzite prepared from zinc filings and ele- 
mental sulfur was optically anisotropic and the x-ray diffractometer trac- 
ings showed the sharp, symmetrical reflections characteristic of 2H 
wurtzite as opposed to the more complicated patterns characteristic of 
the other wurtzite polytypes (Hill, 1958). 

A sphalerite-wurtzite mixture, prepared at room temperature by pass- 
ing H2S through a cold aqueous solution of ZnSO,, was also used in the 
investigation. The precipitate is too fine grained for determination by 
optical observation whether the wurtzite and sphalerite occur as in- 
dividual crystals, or as polytypic mixtures, but «-ray powder diffraction 
patterns indicate that they are discrete phases and that polytypic inter- 
growths are absent or so minor as to be below the limit of detection by 
the «-ray method. The ratio of sphalerite to wurtzite in the precipitate is 
approximately 4 to 1. The sphalerite content of the precipitated material 
was increased by recrystallizing the precipitate at temperatures from 
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900° to 1000° C. for 10 to 12 days in sealed, evacuated, silica-glass tubes, 
We could not, however, recrystallize such material entirely to sphaler- 
ite; a trace of wurtzite always remained. Even after 12 days at 1000° C.,| 
when the charge had completely recrystallized to crystals from 0.1 to 1.0} 
mm. in their longest dimension, approximately 3 per cent of the crystals} 
were wurtzite, the remainder being sphalerite. Wurtzite, completely free| 
from sphalerite, was readily prepared by recrystallizing the precipitate in) 
sealed, evacuated, silica-glass tubes above 1020° C. for periods as short! 
as 6 hours. 

The x-ray diffractometer tracings of the recrystallized precipitate sug- 
gest that other polytypes besides the 2H wurtzite type have grown in the 
sphalerite-wurtzite mixture during recrystallization. These polytypes 
could not be individually characterized by powder diffraction methods. 
The wurtzite prepared by recrystallizing the precipitated ZnS above 
1020° C. was largely the 2H polytype, but x-ray diffractometer tracings 
indicated that small amounts of other polytypes were also present. | 


MEASUREMENT OF UNIT CELL EDGES 


The sphalerites and wurtzites used as starting materials were char 
acterized by means of x-ray powder diffraction techniques, using powder 
photographs and (or) «-ray diffractometer tracings. The identification 
was made by reference to the powder diffraction data presented by Swan- 
son and Fuyat (1953). The effect of dissolved oxygen on the unit cell of 
wurtzite has been quantitatively established by Kroeger and Dikhoff 
(1952). Their data show that oxygen causes both the a- and c-axes of 
wurtzite to contract. The (300) line of wurtzite gives an intense, con- 
veniently located reflection with copper Ka radiation and thus provides 
a good measure of the shrinkage of the a dimension. 

Measurements were made with a Norelco «x-ray diffractometer. Ana- 
lytical reagent NaCl was used as an internal standard, the NaCl (422) 
line being used for comparison. A value of 5.64028 +0.00010 A at 20° was 
taken for the unit cell edge of NaCl (Frondel, 1955). Frondel’s original 
measurement is stated in kX units but has been converted to A by the 
kX/A conversion factor (Bragg, 1947). The precisions of measurement 
for the a of NaCl and for the Bragg conversion factor are an order of 
magnitude higher than those required to demonstrate the effects dis- 
cussed in the present study. Thus, even if the stated precisions by Fron- 
del and Bragg are proven too optimistic, it is unlikely that use of their 
data will introduce significant errors. All measurements were conducted 
at an average temperature of 25° C., and although the room temperature 
was variable, the variation did not exceed 4° C. and has been ignored. 
Differences in the cell edge of the NaCl standard caused by temperature 
variations were less than the precision of measurement. 
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Unit cell edge measurements of sphalerites were made in two ways. 
Most of the measurements were made in 114.59 mm. diameter x-ray 
powder cameras using the Straumanis film mounting technique, and 
copper Ka radiation. Back reflection lines were measured and the meas- 
urements extrapolated to 20=180° by the Nelson and Riley (1945) func- 
tion. Samples were also measured on a Norelco x-ray diffractometer with 
copper Ka radiation using NaCl as an internal standard. Measurement of 
the sphalerite (422) and (331) lines were made relative to the (422) and 
(420) lines of NaCl. 

Diffraction lines were measured by projecting the measured center- 
lines of the intensity profiles to background intensity, and measuring the 
intersection point. Replicate diffractometer tracings were made by oscil- 

lating back and forth over the peaks being measured, ensuring that rela- 
tive errors were reduced to a minimum. 


OXYGEN IN WURTZITE 


Two methods of preparing oxygen-free wurtzite were used. First, zinc 
filings were heated with sulfur in slight excess of that necessary to form 
ZnS, to temperatures above 1020° C., in evacuated silica-glass tubes. 
Secondly, the precipitated wurtzite-sphalerite mixture was heated with 
with free sulfur. In both cases the free sulfur reacts with any ZnO present 
in accordance with the equation 


2ZnO + 3S = 2ZnO + SOz 


which goes virtually to completion since the amount of SO: generated is 
very small. 

All oxygen detectable by unit cell measurements was removed from 
the precipitated ZnS in a single 2 hour heating at 1100° C. with excess 
sulfur. Repeated heatings did not measurably affect the unit cell edge. 

The measured dp values of the two oxygen-free wurtzite samples pre- 
pared were 3.8232 A and 3.8237 A (Table 1). For pure ZnO ap is 3.2495 A 
(Heller and others, 1950). Following Kroeger and Dikhoff (1952) we 
have assumed that the composition of wurtzites containing oxygen can 
be obtained from a straight line joining the dp values of ZnS and ZnO ona 
plot of @ versus composition. 

To determine the amount of oxygen that will enter the wurtzite struc- 
ture, charges of approximately equal amounts of ZnO and ZnS were 
heated in sealed, evacuated silica-glass tubes. Some ZnO reacted with the 
silica-glass tube to form a thin skin of Zn2SiOx, but this thin reaction shell 
effectively insulated the ZnS—ZnO mixture from the silica tube and pre- 
vented further reaction, ensuring that excess ZnO always remained at 
the end of the run and hence that the wurtzite was saturated with oxygen. 
At 1150° C. we found that wurtzite in equilibrium with ZnO contained 


616 B. J. SKINNER AND P. B. BARTON 


TaBLeE 1. Tue EFrecT OF OXYGEN ON dp OF WURTZITE, AND THE 
SOLUBILITY OF OXYGEN IN WURTZITE 


(Oxygen content expressed as per cent ZnO) 


Mole per 

‘ : : in Phase 8 
Starting material Heating conditions a, A cent ZnO 
2 detected in ZnS! 


ZnS, precipitated (mixture of 1100° C., free S pres- Wurtzite, 3.8232 0 


sphalerite and wurtzite) ent, 12 hours S, SO2 
ZnS, from Zn and S (ZnS in 1200° C., free S pres- Wurtzite, 3.8237 0 
form of sphalerite, @ 5.4093 ent, 24 hours S 
A) 
ZnS, precipitated (mixture of Not heated Wurtzite 3.8195 ORS 
sphalerite and wurtzite) sphalerite 
Do. 1100° C., 48 hours Wurtzite 3.8195 0.85 
ZnS and ZnO, equal weights 1060° C., 24 hours Wurtzite, 3.8185 1.0 
(ZnS in form of sphalerite, ZnO, SOz 
ay 5.4093 A) 
Do. 1150° C., 12 hours Do. 3.8175 il 


1 Estimated from unit cell edge. 


1.2+0.1 mole per cent ZnO. The results of the runs are given in Table 1, 
and compare reasonably well with the one mole per cent ZnO solubility 
at 1200° C. found by Kroeger and Dikhoff (1952). We believe that equilib- 
rium was established within the times stated in Table 1 at the given 
temperatures because longer heating periods at the same temperatures 
did not change the unit cell edges. We did not, however, establish that 
the reactions were reversible. A wurtzite crystallized at 1150° C. in the 
presence of excess ZnO, having a final a) value of 3.8175 A, did not show 
an increase in dp when held at 1060° C. for 48 hours. 

It is significant that the wurtzite in the ZnS precipitated at room tem- 
perature has an dp value of 3.8195 A, indicating a ZnO content of 0.85 
mole per cent ZnO. An attempt was made to verify the ZnO content by 
carefully igniting weighed charges of the precipitated wurtzite-sphalerite 
mixture to ZnO in air at 700° C. Care was taken to prevent any sublima- 
tion or vaporization of the ZnO so formed by keeping the crucible in 
which the firing was performed covered, except for a very small gap 
allowing air to enter. When a constant weight was reached after repeated 
heatings, it was assumed that all the ZnS had been converted to ZnO. 
Samples of approximately 3 grams treated in this way had a final weight 
several milligrams higher than would be expected if the precipitate had 
been pure ZnS. Four repetitions of this procedure gave differences corre- 
sponding to an average of 0.7+0.2 weight per cent ZnO in the original 
sample. 
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OXYGEN IN SPHALERITE 


Because a great deal of significance is attached to the unit cell edge of 
pure sphalerite in phase equilibria studies, much effort has been expended 
in obtaining a satisfactory value for pure sphalerite (Skinner and others, 
1959). Unit cell edge measurements revealed distinct differences between 
precipitated sphalerite and sphalerite formed by solid state reaction of 
zinc and sulfur in sealed, evacuated silica-glass tubes (Tables 2 and 3). 

Oxygen-free sphalerites were synthesized directly from zinc and sulfur 
in the presence of either excess sulfur or excess zinc, in the absence of 
oxygen in evacuated silica-glass tubes. Although a small difference in 
unit cell edge was observed between the excess Zn and excess S samples, 
the difference is insignificant as it is of the same order as the measure- 
ment error. The precipitated ZnS, containing oxygen in solid solution, 
was converted completely to sphalerite by heating to 850° C. in the pres- 
ence of free sulfur, or, alternatively, in the presence of metallic mag- 
nesium which acted as a preferential collector for the oxygen. The 
magnesium ribbon was separated from the ZnS by a small rod of silica 
glass which prevented the solids from coming into contact, but allowed 
gaseous transfer. The sphalerites so treated have virtually identical unit 
cell edges and are believed to be oxygen free. The results obtained from 


TABLE 2. THE UniT CELL EpGEs OF PURE SPHALERITE 


Starting material Heating conditions How measured ao, A 


ZnS, from Zn and S (ZnS in 750° C., excess S, sev- Diffractometer, inter- 5.4094 


form of sphalerite) eral days nal standard NaCl 
do. do. do. 5.4094 
do. do. Film 5.4095 
do. 900° C., excess S, 36 do. 5.4095 
hours 
do. 850° C., excess Zn, 90 do. 5.4089 
hours 
do. 850° C., excess S, 90 do. 5.4093 
hours 
do. do. Diffractometer, inter- 5.4094 
nal standard NaCl 
do. 850° C., excessS, Mg met- Film 5.4093 
al present, 90 hours 
ZnS, from Zn and S (ZnS in 850° C., excess Zn, Mg Film 5.4090 
form of sphalerite metal present, 90 hours 
ZnS, precipitated (mixture of 850° C., free S present, Difiractometer, inter- 5.4093 
sphalerite and wurtzite) 90 hours nal standard NaCl 
do. 850° C., Mg metal pres- Film 5.4094 


ent, 90 hours 
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TaBLe 3. Unit CELL EpGEs OF SPHALERITES CONTAINING ZNO 


Mole per | 


Heating ° 
Starting material ie How measured a, A cent ZnO | 
= conditions in ZnS 


1 


ZnS, precipitated (mixture of Not heated Film and diffractom- 5.4065 0.3 | 


sphalerite and wurtzite) eter, internal stand- | 
ard NaCl 
do. 950° C., vac- Film (measured on 4 5.4070 0.8 
uum,! 12 separate samples) 
days 
do. 850° C., ex- Film 5.4071 0.8 
cess Zn,! 
90 hours | 
ZnS, from Zn and S, plus ZnO. 900° C., 48 do. 5.4079 One | 
Approximately equal weights hours | 


(ZnS in form of sphalerite, 
ago 5.4093 A) 


do. 800° C., 96 Filmand diffractom- 5.4081 0.42 — 
hours eter, internal stand- | 
ard NaCl | 


' Recrystallized product contained less than 5 per cent wurtzite. 
2 Estimated from unit cell edge. 


these measurements are given in Table 2. The most satisfactory value 
fitting the data in Table 2 for the ap of sphalerite free from oxygen is 
5.4093 +0.0002 A. 

It is significant that the precipitated ZnS containing oxygen recrystal- 
lized in the presence of free sulfur, or an oxygen collector such as mag- 
nesium ribbon, converted completely to sphalerite in a few hours at 
850° C., whereas the same material could never be converted completely 
to sphalerite without introduction of magnesium ribbon or excess sulfur 
to remove most of the oxygen. 

The unit cell edge of the precipitated sphalerite in the sphalerite- 
wurtzite mixture containing 0.8 mole per cent ZnO was found to be 
5.4065 A which is significantly lower than 5.4093 A of pure ZnS. After 
recrystallization of the precipitate, to convert most of the precipitated 
wurtzite to sphalerite and to retain the oxygen in solid solution, the unit 
cell edge of the sphalerite was 5.4070 A. This figure was obtained regard- 
less of the temperature of recrystallization (Table 3). It is not felt that 
any significance can be placed on the unit cell edge difference of the pre- 
cipitated (5.4065 A) and recrystallized (5.4070 A) sphalerites as the dif- 
ference is small and the measurement of the «-ray powder lines of 
the precipitated material is hindered somewhat by the presence of 
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wurtzite lines. It has been previously noted that recrystallization of the 
precipitated ZnS did not convert the entire charge to sphalerite, and that 
approximately 3 per cent of the wurtzite remained in the charge. Although 
the small percentage of wurtzite makes accurate unit cell measurements 
of the wurtzite in the mixture very difficult, we were able to ascertain 
that the wurtzite had an ap value of 3.8195 A corresponding to a ZnO 
content of 0.85 mole per cent ZnO and hence that the wurtzite did not 
act as a strongly preferential collector for the oxygen in the charge. 
This indicates that the sphalerite in the recrystallized ZnS contained 
approximately 0.8 mole per cent ZnO. 

There are few good unit cell edge measurements of pure sphalerite in 
the literature. Kullerud (1953) carefully measured sphalerite formed by 
heating zinc and sulfur in an evacuated silica-glass tube. This sphalerite, 
which we believe to be oxygen free, had a reported cell edge of 5.3985 
+0.0001 A. The unit cell edge of the NaCl used by Kullerud as an in- 
ternal standard in his x-ray measurements was given by Wyckoff (1948) 
as 5.62869 A. This introduces an error because the ao of NaCl used is 
actually in kX units, and hence the measurements are incorrectly stated 
in A. If we use the kX/A conversion factor of 1.00202 (Bragg, 1947), we 
obtain 5.4094+0.0001 A for the corrected value of Kullerud’s measure- 
ment, which is in excellent agreement with the present figure for pure 
sphalerite. 

Swanson and Fuyat (1953) reported 5.4060 A as the unit cell edge of a 
sphalerite ‘“‘prepared at 940° C. by the Radio Corporation of America 
Laboratories.”’ It is not stated whether the sample was initially precipi- 
tated and subsequently recrystallized or whether it was formed by solid 
state reaction at 940° C. It is believed, however, that the sample con- 
tained significant amounts of oxygen, which accounts for its low unit 
cell edge. 

We have previously noted that the precipitated ZnS containing ap- 
proximately 0.85 mole per cent ZnO is a mixture of sphalerite and 
wurtzite. This mixture could not be recrystallized entirely to sphalerite 
unless the oxygen was removed by some means. This suggests either that 
the oxygen is promoting the metastable growth of wurtzite below the 
sphalerite-wurtzite transition temperature, or that the transition tem- 
perature itself (1020° C. for pure ZnS) is drastically lowered by the 
addition of a little oxygen. To check the hypothesis that the transition 
temperature is lowered, we recrystallized precipitated ZnS charges in 
evacuated silica-glass tubes at different temperatures from 700° to 
1000° C. for periods up to 2 weeks. Regardless of the temperature and 
the heating time we could not remove all the wurtzite, and the unit cell 
edges of the sphalerites and wurtzites in the different runs were un- 
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that although the sphalerite-wurtzite transition temperature may be 
lowered from 1020° C. by the addition of oxygen to ZnS, it is still above 
1000° C. for ZnS containing 0.85 mole per cent ZnO. 

To test the hypothesis that oxygen promotes the metastable growth of 
wurtzite below the sphalerite-wurtzite transition temperature, we pre- 
pared a series of charges of differing composition and crystallized them | 
at 1000° C. for 1 week. The charges prepared were: | 


changed within the limits of measurement error. These results nce 
| 
| 
| 
} 
| 
| 
| 
| 


| 
} 
Hl 


A. Oxygen-free ZnS, prepared from zinc filings and sulfur. 

B. Oxygen-free ZnS to which an excess of sulfur was added. 

C. Oxygen-free ZnS to which 1.5 weight per cent ZnO was added. 

D. Precipitated ZnS containing approximately 0.7 weight per cent ZnO. 

E. Precipitated ZnS containing approximately 0.7 weight per cent ZnO, to which excess 
sulfur was added. 


The charges were individually loaded in evacuated silica-glass tubes and 
placed in the same furnace. The crystallization products were examined 
by «-ray diffraction, the results of which are shown in Fig. 1. It is appar- 
ent that in each run where oxygen was present in the system without free 
sulfur (C and D), a hexagonal wurtzite phase developed in addition to 
the predominant sphalerite. In those runs where oxygen was absent, or 
was combined as SOs, only cubic sphalerite developed. It was further 
noted that runs C and D, in which wurtzite developed, were entirely 
crystallized to crystals from 0.2 mm. to 0.5 mm in their maximum dimen- 
sion, whereas runs A, B, and E consisted entirely of crystals less than 
0.05 mm. in their maximum dimension. 

These results suggest that oxygen not only promotes the metastable 
growth of wurtzite, but that it also increases crystal growth rates. 


OXYGEN IN NATURAL ZINC SULFIDES 


It is of interest to consider the possibility of detectable amounts of 
oxygen in natural zinc sulfides.* We shall discuss this possibility first on 
the basis of theory and then on the basis of observation. 

We have shown above that the maximum ZnO content is about 1.0 per 
cent. At low temperatures this will decrease, possibly to as low as 0.1 per 
cent or less, so that, as a crude measure, we can estimate that ZnS 
saturated with ZnO at geologically reasonable temperatures will contain 
between 0.1 to 1.0 mole per cent ZnO. For this purpose we can also make 


* The mineral voltzite has been reported to have the composition Zn;S;O which would 
fall between the fields of ZnS and ZnO; Moss (1955), however, has shown that voltzite is 
actually a zine arsenic sulfide containing no oxygen. No new phases intermediate between 
ZnS and ZnO were found in any of our studies. 
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Fic. 1. X-ray diffractometer tracings of crystallization products from different starting 
materials, crystallized at 1000° C. for 1 week, (A) oxygen-free ZnS, (B) oxygen-free ZnS 
plus free sulfur, (C) oxygen-free ZnS plus 1.5 weight per cent ZnO, (D) precipitated ZnS 
containing 0.7 weight per cent ZnO in solid solution, (E) same as (D) but with free sulfur 
present. Peaks marked (X) in (D) are from wurtzite polytypes, ¢ axis repeat distance not 
determined. 
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the reasonable assumption that the activity of ZnO in ZnS (azno) is a sim- 
ple linear function of the degree of saturation of the sphalerite in ZnO. 
(That is, if a sphalerite saturated with ZnO contains 1.0 mole per cent 
ZnO, then a sphalerite in an environment where @zn0 =0.1 would contain 
0.11.0 mole per cent or 0.1 mole per cent ZnO, and so on.) Now let us 
consider a natural hydrothermal solution at an arbitrary temperature, in 
this case 125° C., from which sphalerite is precipitating. Previously 
published calculations (Barton, 1957, 1959) enable us to estimate crudely, 
the variation of the ratio ags= /a2oq~ in the ore-forming fluids. At 125° C. 
the ds=/@oun ratio is about 10 to 10%. A solution in equilibrium with 
sphalerite saturated with ZnO at this temperature would have a ratio of 
about 10~*, well beyond the limits of the usual type of hydrothermal 
environment. From these data we readily calculate that @zno in sphalerite 
under typical hydrothermal conditions is approximately 10~! to 107° 
times its saturation value, and this indicates that the amount of ZnO in 
the sphalerite would be somewhere between 10~4 and 10~° mole per cent. 
an amount far too low to be detected by present techniques. Very large 
changes in the assumptions of temperature and composition of the solu- 
tion used to make this calculation can be made without altering th 
conclusion that only very minute amounts of oxygen should be found i: 
hydrothermal zinc sulfides. 

The above thermodynamic argument is based on the assumption ci 
equilibrium, but we know that there are frequently departures from 
equilibrium in low-temperature, sulfide-forming systems as is shown by 
the metastable development of marcasite and wurtzite. Hence the possi- 
bility exists that larger than equilibrium amounts of oxygen may becom 
metastably incorporated into the zinc sulfide structure. This is demon. 
strated by the unheated, precipitated zinc sulfide, which contains about 
the same amount of ZnO as could be introduced at high temperaturé 
when free ZnO was present.* Indeed, it is possible that minor ipa 
such as oxygen, chlorine, cadmium, and manganese may contribute sig- 
nificantly to the kinetic factors responsible for the metastable precipita, 
tion (at low temperatures) of wurtzite and wurtzite-sphalerite polytypes 
instead of the stable sphalerite. 

To test the above theoretical considerations we have looked for | 
in natural zinc sulfides. Bulk analysis of the sample for oxygen would be 
unsatisfactory because of the problem in contamination by traces OD 


atmospheric oxygen, by adsorbed water, and especially by water in nu 


* In fact, the precipitated ZnS was produced by bubbling H2S (1 atm) through a Zn*t 
bearing solution at room temperature. Under these conditions the ag~/a@on~ ratio is about 
10*6 which would give an extremely low agno and therefore an extremely low amount 0 
oxygen in sphalerite under equilibrium conditions. 
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TABLE 4. SPECTROGRAPHIC ANALYSES OF NATURAL SPHALERITES 
(Analyses by Janet D. Fletcher, U. S. Geological Survey) 


icmentt “Robertsonite”’ “Brunckite”’ “Cleiophane”’ 
USNM R575 USNM R8328 USNM C432 
Zn. Major Major Major 
Cd 0.03? iil 0.36 
Mn 0.016 0.13 0.12 
Fe 0.28 0.056 0.017 
Cu 0.00X 0.x 0.0X 
Ge 0.00% 0 0 
Sn 0 0 0 
Pb 0.0X 0.0X 0.0X 
Co 0.00 0 0 
Ni 0.00X 0 0 
ami 0.00X 0.00X 0.000% 
Mg 0.00X 0.00X 0.00X 
Ca 0.00% 0.00% 0.00X 
Ba 0 0 0.000X 
ao, A 5.4089 + 0.0004 5.4126+0.0005 5.4100 + 0.0004 


1 Looked for but not found: Ag, Au, Hg, Pd, Ir, Pt, Mo, W, As, Sb, Bi, Se, Te, TI, 
ine Crm Garoc. Ye. Vib las Zr bh. Nib; ta, U- Be, sr. Pe Bs 

2 Results have an accuracy of +15 per cent except near limits of detection, where only 
one digit is reported. 


merous fluid inclusions known to occur in most natural crystals. The 
ignition technique described previously would also be unsatisfactory 
because of elements other than zinc, sulfur, and oxygen present in 
natural zinc sulfides. Therefore the x-ray method was used. Because of 
the minor impurities known to be present in the zinc sulfides (see Table 4) 
the absolute unit cell size has little significance. What we are looking for 
is an increase in the unit cell size after the material has been heated with 
sulfur, thereby reflecting the effect of possible exchange of sulfur for 
oxygen. 

A sphalerite (var. cleiophane, USNM C432) from Franklin, N. J., 
where zincite is abundant and where a@zno should be far higher than for 
typical hydrothermal ores, was studied by the x-ray method. The 
cleiophane sample was entirely sphalerite, but unfortunately was not 
associated with zincite. It had a unit cell edge of 5.4100 + 0.004 A. This 
figure was not changed by recrystallizing the material in a vacuum at 
900° C. for 1 day nor by recrystallizing it in the presence of excess sulfur 
at 900° C for 1 day. Spectrographic analysis (Table 4) of the sample 
showed that it was remarkably pure for a natural sphalerite, the major 
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additional element being 0.36 per cent cadmium, which is believed to b} 
in solid solution in the sphalerite. Thus it appears that no measurabl| 
amount of ZnO is present in the cleiophane. 

As ZnS is a comparatively soluble ore sulfide it commonly does no| 
appear in the supergene zone, yet there are a few occurrences of oe 
zinc sulfide. In supergene environments the dgs=/@ow ratio may fall t¢ 
much lower values than is normal under hydrothermal conditions as ij 
indicated by the formation of such minerals as cuprite, tenorite, an¢ 
montroydite only in the oxidized zone. Were this the only factor control] 
ling @zno, we might expect to find an occasional secondary sphalerit 
or wurtzite containing measurable amounts of ZnO, but we must also dea 
with CO, and silica in the system. The pressure of CO. (or, expressed 
another way, the @co,=/@on ratio) is usually sufficiently high so tha’ 
smithsonite and hydrozincite and not zincite are the stable secondary 
zinc minerals. An additional factor limiting @zno is that reactive silica © 
frequently available and thus the zinc silicates hemimorphite, sauconite 
and (rarely) willemite may form. Thus we expect that @zno will seldom 
if ever, become large enough to permit the entrance at equilibrium ol 
measurable amounts of ZnO into ZnS in the supergene zone. 

Two samples of zinc sulfide of probable supergene origin were examine 
by «-ray methods, the ‘‘robertsonite’? (USNM R575) from Cherokee 
County, Kansas (Robertson, 1890), and the “brunckite” (USNM R8328) 
from Cercapuquio, Peru. X-ray powder diffraction patterns of the 
“robertsonite”’ showed that sphalerite was the only crystalline phase 
present. The sphalerite has a unit cell edge of 5.4089+0.0004 A. A 
spectrographic analysis of the sample showed that it is remarakbly pure 
for a natural sphalerite, 0.28 per cent iron being the major additional ele: 
ment (Table 4). Recrystallizing the sample in a sealed evacuated silica: 
glass tube at 900° C. for 4 days did not change the unit cell edge. Re 
crystallizing the sample in the presence of free sulfar at 900° C. for 1 
day increased the unit cell edge to 5.4095 + 0.0003 A. This increase cannot 
be taken as significant as it is just within the uncertainty of measurement 

X-ray powder diffraction patterns of the “brunckite” showed that 
sphalerite was the predominant phase present, but that about 5 pei 
cent wurtzite was also present. The sphalerite in the “brunckite”’ had ¢ 
unit cell edge of 5.4126+0.0005 A. Spectrographic analysis of the ma- 
terial indicated that it contained 1.1 per cent cadmium by weight (Table 
4), and it is believed that the large unit cell edge indicates that cadmium 
is in solid solution in the sphalerite. Recrystallizing the material ir 
evacuated silica-glass tubes at 900° C. for 4 days did not change the 
unit cell edge, and material recrystallized in the presence of free sulfw 
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it 900° C. for 1 day had a unit cell edge of 5.4129+ 0.0005 A, an insignifi- 
sant increase. 

No suitable samples of wurtzite could be obtained in sufficient quanti- 
jes to examine them for their possible oxygen content. 
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AN X-RAY AND OPTICAL INVESTIGATION OF THE 
PERISTERITE PLAGIOCLASES 


Paut H. Risse,* University of Wisconsin, Madison, Wisconsin. | 
ABSTRACT | 


Low-temperature plagioclase feldspars in the peristerite range Ans+2 to Am7+2 unmip 
on a submicroscopic scale to relieve internal stresses created by substituting Al for Si in the 
tetrahedral framework. The unmixed components are Ano_s and Ango_35, averaging Ang; an¢ 
Ano; respectively. Most peristerites exhibit a bluish schiller as a result of diffusion of ligh 
by the submicroscopic domains of different optical polarizabilities. The optical properties 
of the crystal are weighted averages of those of the domains. Heating at 1000° C. cause: 
disordering of Na and Ca between domains, followed by disordering of Si and Al withiz 
domains, and final homogenization by disordering of Si and Al between domains. Schille’ 
is retained until the final step of homogenization. Homogenization can not be studied by 
simple «-ray methods, owing to similarity in unit cell geometry of the high-temperatur 
phases, but can be followed by optic angle measurements. An x-ray technique has been de} 
veloped to determine the composition of individual unmixed grains, and has been applies 


to confirm the presence of a break or flexure in the plagioclase refractive index curves nea 
An;-Anj;, the lower limit of the peristerite region. The upper limit of the peristerite reginy 
has not been studied in detail, but deviations from the albite structure sufficient to in 
corporate the additional Al-content are inferred. 


INTRODUCTION 


The plagioclase feldspars range in composition between the limit: 
albite (NaAISiz0s) and anorthite (CaAloSizOs). Once believed to be : 
continuous solid solution series, the plagioclase series is now known t 
be structurally discontinuous. Information on the exact mechanism © 
the substitution of CaAl for NaSi in the series is important in explainin: 
the nature of these discontinuities. This paper deals with a specific dis 
continuity within the series, located in the peristerite composition range 

As used herein, the term peristerilte designates the low-temperatur 
plagioclase feldspars from the albite-oligoclase range that are knowr 
to be submicroscopically unmixed into two coexisting plagioclas 
components and that may or may not exhibit schiller effects. The 
components have been found to correspond to Anos and Ango—35 (An. 
and Ans average) and to exist in varying proportions throughout thi 
peristerite range, Ans+2 to Amiz+2. Unmixing occurs in this range wher 
the 3:1 Si: Al ratio of the low albite composition is exceeded and is be. 
lieved by this writer to be due to relief of stresses caused by successiv 
replacement of Si by the larger Al, forming minute segregated domain: 
of Si- and Al-rich plagioclase. The Na and Ca cooperate to balance electro 
static valence charges. The ratio of these Ab- and An-rich domains varie: 
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with total An content of the crystal. Since the two components are sub- 
microscopic in size, the optical properties of the crystal must be weighted 
averages of those of the components. 

Historically, Boggild (1924) was the first to investigate the peristerites. 
He ascribed their light blue schiller to a reflection phenomenon caused 
by oriented “labradorizing lamellae” of unstated origin. 

Cole, S6rum, and Taylor (1951) in their x-ray study of the plagioclase 
series mention no deviation from the known low-temperature albite 
structure, reporting solid solution for the entire range Ano to Anzgpo. 
Laves (1951) was the first to note that the schiller of a peristerite was 
“due to exsolved plagioclase with a geometry slightly different from the 
geometry of the host.’ Laves (1954) expanded his study to show that the 
unmixing range was An; to Anj; and that the two peristerite phases had 
lattice geometries similar to low-albite and Ango respectively. Heated 
_ peristerites were homogenized to a high-albite form. 

Emmons (1953, revised) in a thorough optical study of analyzed 
plagioclases gives evidence for a discontinuity in refractive index curves 
near Ang_s, the lower limit of the peristerites. An attempt is made herein 
to discover the nature of this break, which is anticipated from a struc- 
tural viewpoint. Chayes (1952) shows no such break in his curves, re- 
porting continuous variation of indices with increasing An content. J. R. 
Smith (1955 b) suggests a number of optical discontinuities, including 
Any and Ans, but does not show the Any, break in subsequent curves 
i B-omith, 1957). 

J. V. Smith (1956) plotted the change of the reciprocal lattice angle 
y* with anorthite content, and Gay and Smith (1955) used the plot to 
determine that the peristerite phases were actually Angio and Anzgs+2. 
Most recently, Schneider (1957) investigated the change of lattice 
geometry of each of the peristerite phases with heat treatment, de- 
scribing the process of homogenization. 

The data on plagioclases used in this study are listed in Table 1. 


OPTICAL PROPERTIES OF HEATED PERISTERITES 


The optical properties of untwinned cleavage fragments selected from 
five chemically analyzed plagioclases in the range Ano to Ano were de- 
termined on the five-axis universal stage as described by Emmons (1943). 
The X*Y* precession photographs (see Fig. 1) showed four of the five 
specimens to be submicroscopically unmixed. Specimen 7a is structurally 
homogeneous (y* = 88°34’, Anisi2 determined from Fig. 2). Following 
heating at 1000° C. for various lengths of time (Table 2), the same grains 
were x-rayed again and were found to have “homogeneous” structures 
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TABLE 1. SPECIMEN DaTA | 


Calculated Wt. % Source 


No. Rock Type Locality — of Comments 
An Ab Or Analysis* 


0 pegmatite Ramona, Calif. 225) OSit  1ae CSR 0.11% impurities 
1 — Auburn, Maine Se 2 OAS OR ORS CDJ many inclusions | 
2 — Monteagle Tp., Ont. 5.7 90.3 >4.0 VBM 
3 — Villeneuve, Que. aS. “DDG alazh VBM } 
4 — Haddam, Conn. 9.5 9055. — CDJ | 
5 two-mica granite Peekskill, N. Y. A EO 1G RCE 0.10% impurities (chlorite) 
6 — Monteagle Valley, Ont. 13.3 82.8 3.9 VBM 
7 biotite granite Parishville, N. Y. Lond Cieleez.S RCE 0.17% liquid inclusions 
granite Llano County, Texas 16.6) (8158 159 RCE 0.10% liquid inclusions 
* References: RCE—R. C. Emmons (1953, reprinted 1956); CSR—C. S. Ross in Emmons (1953); CDJ—| 
C. D. Jeffries (1936); VBM—V. B. Meen (1933). Specimens 2, 3, and 6 were contributed by the Royal Ontario 
Museum of Geology and Mineralogy. Specimens 0, 5, 7, and 8 were contributed by R. C. Emmons. 


Fic. 1. A precession photograph of the zero-level X*Y* zone of the peristerite sample 3a. 
The two distinct X* axes are evidence of the existence of two plagioclases in this specimen. 
The double Y* and Z* axes are not diagnostic in precession photographs because the re- 
ciprocal lattice angles a* and 6* vary only 0.2° and 0.1° respectively from Ang42 to Any5.:2. 
y* varies by 1.3° in the same range. (J. V. Smith, 1956; Bown and Gay, 1958) 4 

Dotted lines indicate the position of densitometer profiles. 
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JOLO? 
fos 
SIS) OY 
88.0 
Wt. % An /An + Ab ——> 
o natural plagioclase 
@ heated natural plagioclase 
X synthetic plagioclase 
|. @ heated 12 days, 1060°C 
2.@ heated 24 days, 1060°C 
Fic. 2. Rate of change of y* with wt. % An/An+Ab for 
soda-rich plagioclases. After J. V. Smith (1956). 
TABLE 2. DIFFERENCES IN REFRACTIVE INDEX AND BIREFRINGENCE BETWEEN 
Hicu- AND LOW-TEMPERATURE PLAGIOCLASES 
Ti f A index of refraction 
No. eee s) | 2V,0 —— : A b're- 
heating x ‘ 
y B a fringence 
0 260 hrs. 88°02’ N.D. NED: N.D. N.D. N.D. 
2b 112 hrs. 88°15’ 58° —.0020 + .0016 .0002 —.0018 
3a 240 hrs. 88°07’ ile —.0017 + .0013 .0008  —.0009 
4a 260 hrs. 88°05’ 76° —.0008 +.0015 .0000  —.0008 
6b 425 hrs. 88°01’ 42° —.0021 -+.0006 .0013 + —.0016 
7 88°07’ 56° — .0006 


260 hrs. 


— .0007 


+ .0021 


0001 
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similar to that of high-albite. With one exception (20) these grains had| 
attained the high-temperature pee described by J. V. Smith (1956) | 
for the range Ano to Ango (Fig. 2 
The change in refractive ae recorded for these specimens is in 
accord with the data of J. R. Smith (1957). It will be noticed that al-| 
though y* indicates a high temperature state according to Fig. 2, 2Va| 
for four specimens is not at the minimum to be expected if the disordered | 
distribution of Al-Si is complete for the entire grain. Schneider (1957) | 
has plotted the change of y* against 2V, with time of heating for a nearly 
pure albite. This curve, reproduced in Fig. 3, indicates that 2Vq is a more 


100° 
80° | 
60° 
BY 
WN 
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202 
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Fic. 3. A plot of 2V, against y* for increased time of heating at 1000° C. of a nearly pure 
albite. After Schneider (1957). Small numbers along the curve represent days heated. 


reliable indicator of disorder than is y*. The choice of 2V, as an index to 
the degree of disorder is illustrated by specimen 66 (Table 2). It shows 
significantly larger decreases in the a and y refractive indices and less 
increase in 6 after heating than do the other specimens. One would thus 
expect 6) to be the most completely disordered. This is borne out by the 
fact that 2V. for this grain is 42°, substantially lower than that for the 
others. On the other hand, it is impossible to distinguish relative degrees 
of order from their lattice geometry, for y* is very nearly equal for all 
the heated specimens. 

In this paper, a detailed study of the change of lattice geometry with 
time of heating and an investigation of the optical effect known as 
schiller will lead-to a reasonable explanation of the dynamics of the 
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“homogenizing” and disordering processes operative within the heated 
peristerite. 


“HOMOGENIZATION” AND DISORDERING OF PERISTERITES 


The phenomena of “Shomogenizing”’ the separate phases of a peristerite 
and disordering them were studied in detail by Schneider (1957). 
Schneider heated an oligoclase (Anis) from Amelia Court House, Vir- 
ginia, and observed the changes of y* with time of heating at tempera- 
tures of 950° C., 1000° C., and 1050° C. Two of his graphs are reproduced 
in Fig. 4. 

The slopes of these curves are steepened by increasing temperature of 
heating, but a similarity of shape is maintained regardless of tempera- 
ture. Of particular importance is the observation that the rate of change 
toward the high-temperature state is greater for the An-rich phase than 
for the Ab phase. Schneider suggests that the cause of this divergence is 
a slight degree of disorder that exists in the low-temperature form of the 
crystal because of its anorthite content. The possibility of slight disorder 
existing in one of the components is a promising idea in terms of peris- 


0) 100 200 300 


ii MER (DAY(S) = 


Fic. 4. Plots of the rate of change of the reciprocal lattice angle y* with heating time 
(days) at 950° C. and 1000° C. of an Amelia, Virginia, oligoclase. Modified after Schneider 
(1957). Dotted extensions of Schneider’s curves are by this author. A=Ab-rich phase; 
B=An-rich phase. 
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terite dynamics. Since the An-rich phase reaches its geometrical high: 
temperature state in approximately one-third the time it takes for the 
Ab phase to do the same, it is not unreasonable to suppose that the An+ 
rich phase was already partially disordered, even in the peristerite’s lows 
temperature form. 

The occurrence of domains of approximately 25% An in all peristeriteg 
(Table 6) is evidence that this structure is singularly stable, even thou 
Schneider’s findings suggest that it may not be completely ordered wit 
respect to Al-Si. That structural stability is not necessarily synonymous 
with the classical concept of a completely ordered structure was | 
gested by Ferguson, Traill, and Taylor (1958), who found that a low- 
temperature albite they studied had but 72%* of the Al in the Si,(Q) 
tetrahedral site. This albite was calculated to be electrostatically more 
stable than the classically ordered albite which theoretically has all the 
Al in this tetrahedral site. | 

If electrostatic balance exerts a more profound influence on plagioclase 
structure than has previously been known, it may be found that the low- 
temperature Ang; unit cell does not have a totally regular Al-Si distribu- 
tion taking into account its greater Al content as well as Schneider’ 
discovery that the Ang; component of an unmixed oligoclase attains a 
high-temperature configuration more readily than the albite phase. The 
foregoing statements are necessarily speculative, but it is hoped that the 
structure of Ano, presently being done at Cambridge University, may 
clarify this subject. 

The dynamics of the “homogenization” of the two components of the 
peristerites are imperfectly known. Schneider (1957) does not show the 
details of the procedure on his curves of y* versus heating time. He re- 
ports that homogenization is completed in 170 days at 950° C. and in 35 
days at 1000° C. y* = 88°05’ for both homogenized specimens. This infor- 
mation is plotted as dotted extensions of his curves in Fig. 4. 

Table 3 contains data on peristerites homogenized in the present study 
by heating at approximately 1000° C. The reciprocal lattice angle y* after 
heating varied from 87°56’ to 88°07’ and averaged 88°02’ for nine speci- 
mens. Specimens Sa and 6a failed to reach the “homogeneous” high-tem- 
perature lattice geometry after an initial 73 day heating at 1000°C. 
Table 4 compares the unheated, intermediate, and “homogeneous” 
lattice angles with the two phases and gives a rough estimate of the 
relative percentage of the Ab phase as judged from the comparative in- 
tensities of the white radiation streaks of the X* axes of the two phases. 

In order to complete the picture of the disordering and homogenizing 


* This figure is subject to a possible error of 25%. 
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TABLE 3. DaTA ON HOMOGENIZED SPECIMENS 


No. Wt. % An Heating time (days) “y* ( £05’) 
3b LG 44 88°01’ 
4b 9.5 4t 88°05’ 
6b 1353 43 88°01’ 
la So 73 87°56’ 
3a 7.6 10 88°07’ 
7b 16.1 103 88°06’ 
4a ®.5 103 88°05’ 
0 0.25 103 88°02’ 
Sa 11.4 18 87°56’ 
6a 1323 18 88°01’ 


process, the optical effect known as schiller must be considered in detail. 

Peristerites often exhibit a hight to brilliant blue schiller. That schiller 
is a result of unmixing, at least in the peristerite range for plagioclases 
and certainly in the perthitic alkali feldspars, has long been assumed. 
An absence of schiller in unmixed feldspars may indicate that the do- 
mains are either too small or too large to cause diffusion of light. A num- 
ber of investigators have found that under certain conditions some per- 
thites and peristerites retained this schiller after heat treatment (Dittler 
and Kohler, 1925; Spencer, 1930; Heald, 1950). In this study, specimens 
4b and 2a were observed to retain their schiller after 43 days heating at 


TABLE 4. INTERMEDIATE STATE PERISTERITES 


“Homogenized”’ 
s iL Gey & 
Unheated Heated 73 days (18 days) 
Spec. 5a Ab-phase y* 90°17’ 89°45’ 87°56’ 
An-rich y* 89°28’ 88°12’ 87°56’ 
Rel. % Ab-phase 65% 50% 0% 
Spec. 6a Ab-phase 7* 90°26’ 89°27’ 88°01’ 
An-rich y* 89°17’ 88°15’ 88°01’ 


Rel. % Ab-phase 55% 2% 0% 


(Compare to Schneider’s curves in Fig. 4.) 
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1000° C. X-ray photographs, however, indicated that these same grains 
had reached a homogeneous high-temperature state. 
The explanation for this enigmatic behavior after heating is dependen 
on analogy with the cause of schiller in moonstones as set forth by Ra- 
man, Jayaraman, and Srinivasan (1950). The following is a paraphras 
of their significant article 


The blue color seen in moonstones is too rich a blue to be explained as an interference’ 
color due to the reflection of light by thin films, but matches the color exhibited in the dif- 
fusion of light by particles small in size compared with the wave length of light. The ob- 
served facts give no support to the hypothesis of a lamellar structure as the cause of schiller 
[contrary to Béggild, 1924]. Diffusion is substantiated by the color and the fact that 
schiller “reflections” are visible through a wide angle (14 to 18°). 

Fluctuations of the refractive index consequent on the local fluctuations in chemicall 
composition (and resultant structural adjustments) would give rise to a strong diffusion of 
light, its intensity increasing in proportion to the number of clusters, multiplied by the 
square of the volume of each cluster [of Na as segregated from K in the continuous tetra-' 
hedral framework of the feldspar]. This is possible provided that these clusters or ‘‘crysta! | 
lites” are of sufficiently small dimensions and are not co-planar. These crystallites must be' 
mutually oriented. | 

Since the diffusion of light in its passage through the crystal is a consequence of optica | 
heterogeneity, its intensity depends on the magnitude of the differences in optical polariza 


| 


bilities of the separate domains. Because birefringences are different for different direction: 
in the crystal, the schiller effect varies. 


With the exception of the degree of symmetry change between do- 
mains, the peristerites can be shown to fit the moonstone picture ideally. 
Table 5 shows that the differences in refractive indices for Or-Ab (moon- 
stones) and for Ab-Angs (peristerites) are of the same order of magnitude. 
This in itself appears to be sufficient explanation for the existence of 
schiller in low-temperature peristerites, which are known to be unmixed 
on a submicroscopic scale and segregated into domains of Ab- and An- 
rich plagioclases. 

The retention of schiller in heated and supposedly homogenized 
peristerites can be explained in the same manner, for the high-tempera- 
ture Ab and Ang; phases have differences in refractive indices comparable 
to those of the low-temperature phases (Table 5). Homogenization has 
been assumed from the X*Y* x-ray precession photographs where only 
one X* axis—not two as in unmixed grains (Fig. 1)—is seen making an 
angle y* = 88°02'+06' with the single Y* axis. Because schiller persists 
in these “homogenized” grains, it is now suggested, following Laves 
(1952) and Hewlett (1959), that the domains actually still exist in the 
heated specimen, causing optical heterogeneity that in turn gives rise to 
diffusion of light or ‘“‘schiller.” 

Inspection of the X*Y* zone of heated but not yet “homogenized” 
grains Sa and 6a (Table 4) shows that the reciprocal lattice parameter a* 
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TABLE 5. DIFFERENCES BETWEEN REFRACTIVE INDICES OF DOMAINS IN 
MOONSTONES AND IN Low- AND HIGH-TEMPERATURE PERISTERITES 


Refractive index (Np) 


Domain composition Source 
YY B a 
Low-temp. Or 1.5245 1.5228 1.5192 
Ab 1.5392 1.5328 1.5292 Raman, ef al. (1950) 
Difference: 0147 .0100 .0100 
Low-temp. Ab 1.5379 1.5314 1.5274 
Anos 1.5486 1.5447 1.5408 Chayes (1952) 
Difference: .0107 0133 0134 
High-temp. Ab 15356 1.534, 1.5273 
Anos 1.548; 1.5455 1.541, J. R. Smith (1957) 
Difference: 0125 O11, .0133 


has become equal or very nearly so for the two partially disordered com- 
ponents. This may indicate that Na and Ca are randomly distributed 
throughout the crystal at this stage of heating, although two phases 
differing in Si-Al ratio still exist (Laves, 1952, p. 567). With further 
heating, the two X* axes come together and coalesce as described by 
Schneider (1957), apparently indicating homogenization to a single phase 
crystal. It is proposed, however, that there are remnant domains that re- 
tain a high degree of their original Al-Si content and are disordered with 
respect to Al-Si, within themselves. Because they contain differing 
amounts of Al—Si, they still have different refractive indices and, there- 
fore, still cause schiller. Heating has caused disordering of Si-Al within, 
but not between, domains at this stage. 

It is important to note that both the Ab and the Ang; domains, now in 
the high-temperature state, have nearly identical lattice parameters 
(J. V. Smith, 1956). This geometrical similarity means that these phases 
are not distinguishable by simple x-ray techniques and thus give the er- 
roneous impression of homogeneity. Optical heterogeneity persists, for 
the differences in refractive indices for high-temperature forms of Ab and 
Any, are of the same order of magnitude as those causing moonstone 
schiller. 

True homogenization demands a random distribution of Al-Si be- 
lween as well as within domains, thereby eliminating the domains. Speci- 
mens 2a and 48 and six schillered grains from sample 1 lost their schiller 
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only after 35 days heating at 1000° C. Two other grains from sample 
required additional heating at 1050° C. to destroy the remnant domains} 
Duration of the heat treatment necessary to disorder completely and 
thus truly homogenize peristerites varies widely from sample to sample 

In the course of investigation of these chemically analyzed peristerites 
the limits of unmixing (An; and Anz) suggested by Laves (1954) wer 
confirmed. The lower boundary of the two-phase peristerites was estab 
lished by chips from sample 1. These chips were selected from the sam¢ 
region of a 75 gm. schillerized single crystal (Ans.2Oro.s). Of the eigh 
chips chosen, four were found to be structurally homogeneous and fou 
were two-phase peristerites. Pertinent structural data are listed in Table 
6. If the chemical analysis of this specimen is accurate, the boundary be 
low which structural homogeneity exists can be fixed at Anp+o. 

Six grains from sample 7 (Anjg.1Ore.s) were found to have homogeneou: 
structures in their natural state. The composition of these grains deter: 
mined by x-ray techniques described below is Anis. Laves (1954), how: 
ever, claims to have observed unmixing in grains from this same samp! 
(his #8). A single crystal from specimen 8 (Anjg.¢Or.9) proved to be un: 
mixed. Lattice measurements indicate that the two phases correspond t 
Ans and Angs. Since at least some grains from sample 7 are single phas: 
and some from sample 8 (Laves’ #9) are peristerites, the upper limit o 
structural inhomogeneity can be established at Anj7+.. 

Specimen 8 is interesting also in that it could be determined that thi 
Ang phase is either twinned by the Albite law or has two orientation: 
within the crystal characteristic of this twin law, whereas the Ange phass 
is untwinned. 


REFRACTIVE INDEX CURVES 


Although there is agreement on the limits of the peristerite range, con 
siderable differences exist in the published optic curves for this composi 
tion region. Consequently, a detailed study of this region demands «x-ray 
optical, and compositional data on individual grains. 

For this purpose an x-ray method was devised to determine An conten 
for individual unmixed grains, thereby permitting closer correlation 0 
optics and composition than is possible with bulk chemical analysis. It i 
a moderately successful method, applicable only to low-temperatur 
soda-rich plagioclases. 


Case I. Homogeneous low-temperature plagioclase 


4 . yes! He PACs 2 - fa ; 

he angle y* is measured from the X*Y* x-ray precession photograp 
and checked against J. V. Smith’s (1956) plot of y* versus An conten 
(Fig. 2). The accuracy of angular measurement is usually better than 0: 
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TABLE 6. OpTicaL AND X-RAY DaTA FOR SELECTED PERISTERITES 
Only directly determined indices of refraction and those whose rotated and 
calculated (from 2V) values are equivalent are recorded 
oe Refractive indices (Np) “Strong” phase|‘‘Weak”’ phase Deedes 
analysis P from refractive 
No. (wt. %) indices x-ray 
i ’ * * vy 
An Or v B e ws % An) ‘Ye 7 Emmons Chayes 
0 Ons eted n.d. n.d. n.d. 90°29’ 0.0 0. 
la SeeOLS 1.5417 1.5368*~> 1.5329 90°23’ 2.0 | 89°00’ 30.5 = 9.5 SI5o) 
1.5369t 
1d 1.5398 a= 1.5300 | 90°16’ 5.0 | 88°47’ 35.0 — 5.0 6.7 
le 1.5400 == 12 S4 IC O0l2 Da 2.5 = — = Se) Dh 
1d 1.5393 1.5336 = 90°28’ 0.5 = = — Si) 0.5 
le 1.5406 1.5334" 315282 90°24 SA0° 88257" 32-0 — 4.0 3.8 
1.5328t 
1f 1.5397 Lassies i OZ 97 90°20" 30 = = = 4.0 3.0 
1g 1.5392 == Tie S00%s| 90222 9255189202" 2920 = 4.0 4.3 
1h 1.5398 1.5337% ~1.5293 90°12” 6.0 = aS — 4.5 6.0 
1.53407 
Average: 11,5400 1.5342 1.5298 
2a De) 040 1.5423 1.5369 1.5330. | 902227 2,5 | 89°11’ -24.0 6.5 1.50 = 
2b 1.5426 = 1.5338 | 90°19 4.0 | 89°03’ 28.5 8.0 DLS) 7 
2¢ n.d n.d. n.d. 00224310) 89°157 22.5 — — 6.5 
Average: 1.5425) 1.5369. 1.5334 
3a ot Mei \ aOR — 1.5340 | 90°24’ 2.0 | 89°09’ 25.5 8.5 4270 | 10.4 
3h 1.5420 == 1.5337 90°18’ 4.0 | 89°12’ 23.0 — 11.0 8.7 
og 1.5421 a 1.5328 O22") 255 1 89°09) 2555 — 10.0 9.3 
3d 1.5423 = 155327 O0223/" 210) 189°135= 23.0 _ 10.0 9.7 
3e 154207" 155365 Imoo28 90°20’ 3.0 /-89°19" 21.5 — 9.0 10.4 
1.5415f 
Average: 1.5422 1.5365 ToS oL 
4a O55, nd. 1.5420 = 125830.) 90°18", 4205) 89°12" 23-0 — 10.0 == 
4b 1.5422 = 153500 1 O02 2 = Bon SO 2 ot. 0 _— 10.0 7.6 
4c Heo 4550 el oS0S 1.5320 | 90°19’ 4.0-| 89°23’ 20.5 _— 10.5 9.1 
1.5435t 
Average: 15426. 125368" 139327, 
Sa 11.4 1.6 1.5446 e5391*91'.5355 OOL2 6G OMI S9STia 2200 1355) 15.0 = 
1.5390F 
5b 1.5440 — 175353 90°22’ 2.0 | 89°07’ 27.0 13.0 14.5 — 
Se 5432 175384" “1.5351 90°19’ 4.0 | 89°13’ 23.0 11.0 13720) 10.9 
1.5387t 
Sd ee OPES Se Mab) 1°5340) |-90222” 2/10! 189912’ (23.0 a 11.5 10.2 
1.5425t 
Se 1.5424 —— eo ssi 90°17 425128991205 237.0. = 11.0 ilatoal 
Sf 1.5430 LeSsSOF 125339! 4|90°22”" 2.0! 89216" “225 9.0 12.0 8.9 
1.5380t 
3g 1.5439 — 1.5350 90°25’ 1.0 | 89°09’ 26.0 12.0 14.0 — 
Sh 1.5441 125392") 565d n.d, == n.d. ~~ i) 14.5 = 
1.5394F 
Average: 1.5435 1.5385 1.5347 
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TABLE 6 (Continued) 


Chem. % An determined 
analysis Refractive indices (Np) “Strong” phase|‘‘Weak”’ phase| from refractive 
No. (wt. %) - indices w-ray 
Ss Y B a Ray tN) ip iS TN 
An Or Emmons Chayes 
6a Ue ieK Sige 1.5440 1.5393") 1.5352 NOG AA ESSE POO) WSS) 14.5 —= 
1.5394f 
6b 1.5446 == LS S54 90S ae Sin 89°25 48 205 15 — 


4. : 
6¢ OZ SSS pres DIO) 12.0 14.0 10.7 | 


n 
ra 
ts 
tw 
a 
n 
w 
rs 
w 


Average: 1.5443 1.5394 1.5350 
7a 16.45 258 1.5451 1.5406* 1.5368 | 89°34’ 18.0 | none none 16.5 Lies 18.0 
1.5406+ 
7b 1.5451 1.5404 1.5361 89°33’ 18.0 none none 16.0 16.5 18.6 | 
7¢ 1.5454 — 1.5359 | 89°35’ 18.0 | none none 16.0 16.5 18.0 | 
7d n.d, n.d. n.d. | 89°32’ 18.5 | none none -— — 132 
Average: 1.5452 1.5405 1.5362 
8 16.6 1.9 1.5448 1.5409 1.5368 twinned untwinned 16.5 17.0 — | 


* Indicates an index calculated from 2V using Wright’s Diagram. 
t Indicates a calculation from a prime ray. 


of arc, and composition may be quoted to +2% An for the range Ano to 
Ang3. This does not take into account errors in the graph itself. From An»: 
to Ango, precision is not better than +3% An. 


Case II. Two-phase (unmixed) low-lemperalure perislerites 


The angles y* are measured from the single Y* axis to both X* axes. It 
is important that the strong and the weak phases be designated. Using 
unfiltered x-radiation, care is taken to obtain maximum contrast of X* 
streaks against the film. A fine grained film and the largest permissible 
precession angle are suggested. Finger prints or scratches along the pro- 
file to be measured for intensity are highly restricting and may render the 
film useless. 

A densitometer is used to obtain an intensity profile across the X* 
white-radiation streaks at a position of greatest resolution. The galva- 
nometer deflection, directly proportional to the X* axis intensity, is plotted 
against film movement as in Fig. 5. A convenient method of determining 
peristerite single crystal composition is given by the formula: 

Areaa Areap 


———— : (wt. % Ana) + ————-: (wt. % Ang) 
Area(a4p) Area(a+B) 


with reference to Fig. 5. Anorthite contents determined by this method 
are Shown in Table 6 and Fig. 7. 

The method for unmixed grains may well be questioned regarding its 
cumulative error. Contrasting it with An-contents determined by optics 
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and by chemical analysis, the deviations amount at most to +2.5% An. 
This is not a true test of accuracy, however, since deviations from the 
bulk chemical analysis may only reflect chemical variations within the 
sample, which may take any value. Existing optical curves are also based 
on bulk chemical analyses and depend for their validity on an adequate 
sampling and averaging technique. Considerable differences exist be- 
tween published curves for this composition region. These factors affect 
accuracy of the x-ray method: (1) background darkening from scattered 
radiation, (2) degree of resolution of white radiation streaks, (3) error of 
measurement of y*, and (4) accuracy of Smith’s (1956) curves, which also 
require an adequate sampling and averaging technique for their validity. 
There is an occasional chance that the + X* axis intensity profile does 
not show exactly equivalent area ratios as the profile over the — X* axis. 
Averaging will minimize an otherwise small error. 

At this stage of development, this method cannot claim the desired 
+2% accuracy. It is suggested that this system be used with caution and 
due regard to the variables, and it is hoped that refinements that will both 
expedite and amend the procedure can be developed. The method fails for 
a peristerite in an intermediate thermal state, for y* changes with the de- 
gree of order-disorder and thus cannot be used as an index to composi- 
tion. Since the high-temperature modifications of all soda-rich plagio- 
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Frc. 5. Plot of the traverse in mm. of resolved X* axes of peristerite Sf against the in- 
tensity of their white-radiation streaks in units of galvanometer scale deflection. The 
method of determining peristerite single crystal composition is given by the formula: 

Areaa Areap 


——_——_— -(wt. % Ana) + ————-: (wt. % Anp) 
Area (A+B) Area(a+B) 
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Fic. 6. Refractive index curves of low-temperature soda-rich plagioclase plotted against 
wt. % An by chemical analysis. Circles represent the author’s average indices. 


clases have very similar geometry, they are indistinguishable one from 
the other by ordinary «-ray techniques. 

Using these methods, compositions may be assigned to individual 
grains in the low-temperature state. The value of these devices becomes 
obvious when the refractive index curves plotted against analyzed bulk 
compositions are contrasted with those plotted against An content deter- 
mined by «-ray techniques for individual grains (Figs. 6, 7). 

Refractive indices of thirty-three grains from eight analyzed low-tem- 
perature plagioclases are recorded in Table 6 along with pertinent a-ray 
data. The average indices of these samples are plotted according to bulk 
chemical analyses in Fig. 6. Figure 6 also contrasts the plagioclase index 
curves of Emmons (1953, revised) and Chayes (1952). The experimental 
points fall between the two curves, although slightly closer to Emmons’ 
curves and confirming a break or flexure in the 5% An region. This break 
is to be expected from a structural viewpoint at the lower boundary of the 
unmixed peristerite range, and further evidence for it appears in Fig. 7 
where individual indices are plotted against wt. % An/An-+Ab of in- 
dividual grains determined by the x-ray methods described above. Of 
particular interest is sample 1. It contains both unmixed, two-phase 
grains and structurally homogeneous grains. Although chemical analysis 
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(Jeffries, 1936) indicates Ans.2Ory.3 to be the bulk composition, x-ray 
methods show a range from Ano.5 to Ang.7 for individual fragments. The 
homogeneous grains range from Anos to Ang; unmixed grains range from 
An3.5 to Ang.7. 

It was expected that all the unmixed grains would have higher refrac- 
tive indices than the structurally homogeneous grains of the same compo- 
sition, for unmixing can be considered an extreme case of ordering, repre- 
senting a closer packing of ions, increased polarization, and higher refrac- 
tive index. But this is not the case for sample 1. For example, grain 10 is 
unmixed and its two components, approximately Ans and Ang, are pres- 


1.550 
TG 
ro) O Soot ° 
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Fic. 7. Refractive indices of twenty-three grains from eight low-temperature soda-rich 
plagioclases plotted against wt. % An/An+Ab determined by X-ray methods. All speci- 
mens of less than 7% An are from sample 1. Lines of best fit are indicated. 


ent in the ratio 94.4/5.6 (x-ray method) and give a total composition of 
Ang.7. This grain has the same indices as grain 1h, which is homogeneous 
and contains approximately 6% An according to y* measurements. Fur- 
ther contrasted with 1/ is the homogeneous grain 1d whose reciprocal 
lattice angle y* indicates a composition of only Ano.s. Yet the indices of 
16, 14 and 1d are nearly identical within the limits of error of measure- 
ment (+.0004). 

Because y* varies so widely for these homogeneous grains and because 
both structurally homogeneous and unmixed grains exist in the same 
crystal, a significant variation in An content from grain to grain is un- 
questioned. The plot of the refractive indices of the grains from this crys- 
tal against composition as determined by the «-ray method (Fig. 7) 
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demonstrates that some sort of break or flexure in index curves is presen 
in the Ans to Anjo region. The break here falls at An; whereas in Fig. 
using average indices and bulk chemical analyses, the break falls at An 
Emmons (1953, revised) indicated a break between Ang and Ang in hi 
determinative chart of plagioclase optics. Neither Chayes (1952) no 
J. R. Smith (1957) shows a change of slope here. 

Alternate explanations of these unusual properties include nonequilib 
rium conditions and factors other than composition that affect the y’ 
parameter. At present there is insufficient evidence to permit intelligen 
speculation on either of these possibilities. 

The anomalous optical and structural situations in the 5% An regio1 
attest the necessity of a re-evaluation of this composition range. Mors 
analyzed specimens and an improved method of determining composi| 
tion of individual grains are indispensible to a thorough understanding 0 
the peristerite plagioclases. The possibility of another break of flexure i 

the optic curves at the other end of the peristerite range as suggested b 
J. R. Smith (1957) at Ano, was not examined in this study. 


DISCUSSION 

The cause of peristerite unmixing as a soda-rich plagioclase cools dus 
ing crystallization is not certain, although in the case of the somewha' 
similar moonstones or crypto-perthites it is assumed to be due to stresse: 
caused by the 35% discrepancy in ionic radii of K and Na. It is propose« 
here that the original homogeneous crystal of peristerite composition &: 
caused to unmix during cooling by the large size difference between A 
and Si in the feldspar tetrahedral framework. This size difference is 389%; 
based on radii of 0.29A and 0.47A for Si and Al respectively. The radii ar: 
determined from the data on feldspar bond lengths as listed below. The 
O-O distance was obtained from the data of Bailey and Taylor by plot 
ting their O-O bond lengths versus Al content for the individual tetra: 
hedra and extrapolating to zero Al content. It is assumed that the oxy, 
gens are 1n contact at this composition. 


SikO 23. ee ke cele eee 1.60 A (J. V. Smith, 1954) 
YA @ Pheer eaves oh Cheb S307 1.78 A (J. V. Smith, 1954) 
O-O in SiO,, tetrahedron.......... 2.61 A (Bailey & Taylor, 1955) 


This 38% size difference contrasts with an 8% variance between Na an¢ 
Ca in octahedral coordination (rya=0.98A; rca=1.06A). The driving 
force for the unmixing can thus be reasonably associated with the Al-Si 
the Ca-Na cooperating to balance the electrostatic valence charges. 
The albite structure can tolerate only minor deviations from the com 
position NaAlSisOg, for with increasing substitution of the larger Al fo 
Si, strains are established in the crystal lattice that can be relieved onl: 
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by a different distribution of the misfit atoms—changing from a random 
distribution of the Al in excess of the geometrically stable 1:3 Al:Si ratio 
within the tetrahedral sites of the homogeneous crystal to a segregation 
into Al- and Si-rich regions. It is presumed that the framework is con- 
tinuous throughout the two-phase peristerite, but distorts elastically 
within the individual domains to assume the geometry of the local com- 
position, namely Ang; or Ang;. This view infers that the structure of Anos 
is enough different from that of pure albite to tolerate the additional Al 
content, perhaps by an ordered geometry different from that of albite. It 
is presumed that the unmixed components remain submicroscopic in 
size, in contrast to perthites, because of the difficulty of diffusion of Al 
and Si over any appreciable distance as a consequence of the strength of 
their bonds (Goldsmith, 1952). 
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MORINITE-APATITE-WHITLOCKITE 
D. JEROME FisHer, University of Chicago, Chicago 37, Illinois 


with chemical analyses by 


ALEX VOLBORTH, University of Nevada, Reno, Nevada 


ABSTRACT 


New chemical analyses of Black Hills and French morinites confirm the previously 
published empirical formula of this rare pegmatite fluorophosphate. Thermal experiments 
of great quantity and diversity on the Black Hills morinite show that it inverts irreversibly 
to an apatite structure at about 400° C., whether heated in air or vacuum, and to a whit- 
lockite (rhombohedral tri-calcium phosphate) structure if heated in thin films in air at a 
bit under 800°. Since these products are rich in Na, F, and Al, they are here dubbed 
nafalapatites or nafalwhitlockites, and both of these are thought to show a considerable 
variation in composition. 

In spite (or because) of the great quantity of data assembled, the writer is unable to 

‘reach an unequivocal interpretation of what happens during the thermal treatment of 
morinite. Results postulated, including the existence of a nafalapatite containing over 5% 
Na, 14% F, and 13% Al, seem so unusual as to be suspect; this research leaves many un- 
answered questions. 


INTRODUCTION 


Morinite, a rare hydrothermal hydrous fluorophosphate from the 
Hugo pegmatite (Black Hills), was recently described by Fisher and 
Runner. Since then the material has been analyzed chemically, and ther- 
mal experiments have been made to study the nature of the contained 
water. These yielded the surprising results that morinite loses all its water 
and is converted to an apatite structure in a very narrow temperature 
range at about 400° C.; this in turn inverts to a whitlockite (rhombo- 
hedral) structure at 750°, providing very thin layers of the material are 
heated in air. Morinite is described under that name and also as jezekite. 

Table 1 contains recent chemical analyses of Finnish, French, and 
Black Hills morinite; also three analyses made on samples of Black Hills 
morinite heated to 550° or higher. The same data in simplified form are 
given in the first six columns of Table 2. From this table (column VII) it 
is clear that the formula of morinite is very close to CasNa2Ali(O2F6) 
(PO,)4-5H2O, which may also be written CasNazAl2(AlOF3)2(POx)4 
-5H,O. While the existence of (AIOF;)—tetrahedra seems extremely un- 
likely, writing the formula in this fashion brings out similarities to epi- 
dote (see Fisher and Runner) as well as to apatite. 

The actual analyses of the Black Hills and French morinites check each 
other very nicely; the average of these (based on the contents of a single 
unit cell) yields: 


Caz.2e9+.06Nai,90+.10Al4. 16 +.0516.95+.39P 3.96 4.92017.50+.25° Soll ae, ASO) 
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TABLE 1. CHEMICAL ANALYSES 


or MorInitTE* 


II Ill IV Vv VI 
CaO Dire: 22.49 23.60 28.37 27.99 28.34 
SrO 0.09 —- _ —_ — — 
MnO 2.44 0.02 — — — —_— 
NazO 6.77 5.85 6.62 7.97 8.08 7.94 
LizO 0.14 _- — — — — 
K:0 0.18 —- — — os — 
AlbOs3 21.97 22.46 D383 26.28 24.46 24.97 
PO; 29.08 29.31 30.04 36.15 36.01 36.66 
BeO 0.28 —- — — — 
SiO» 0.48 2.40 — — — 
F iLL ees 14.58 13.31 3.48 3.34 4.65 
H.,O+ 9.80 9.80 9.90 = — — 
H.,0 — (0), 1877 — 0.08 0.04 Os 7 0.00 
Residue (0) ale 0.14 — — — — 
Sum 104.08 107.05 105.88 102.29 100.00 102.56 
—0 for F 4.79 6.14 5.60 1.46 (lA! 1.96 
Total 99.29 100.91 100.28 100.83 98.59 100.60 
D (det.) DeOsT 2.94 2.962 — — — 


Explanation of Columns 


Mf. 
1 


EL 
. Morinite, S. Dakota. Large sample heated in air to 535° for 46 hrs. and then to 


WAL, 


Unheated morinite. Viitaniemi, Finland. The fluorine value should be about 1.3% 
higher. 

Unheated morinite. Montebras, France. From the Lacroix collections of the Sor- 
bonne. 

Unheated morinite. Hugo Mine, Black Hills, S. Dakota, U.S.A. 


650° for overnight. Apatite structure; probable weight loss of about 18%. (Fig. 1, 
MOUS) suet PE) 


. Morinite, S. Dakota. Large sample heated in air in unglazed porcelain boat at 


930° for 24 hrs. (Fig. 1, no. 32). The powder film made from this heated sample 
showed an apatite structure, but the (10-0) and (11-1) lines were stronger than 
with a normal apatite. Also present were the (101) line of low cristobalite and a 
line with d=4.35A. Corundum lines of moderate strength were also observed. The 
presence of this small amount of corundum made it difficult to completely dis- 
solve the sample. In an attempt to duplicate this sample, the result was a mixed 
apatite and whitlockite structure with a weight loss of 17.2% (Fig. 1, no. 26). On 
the other hand the sample whose analysis is given in Col. IV was duplicated with- 
out difficulty; it showed a weight loss of 18.1%. 

Morinite, S. Dak. Composite of 10 thin samples, each heated in air at 835° for 
23 hrs. Whitlockite structure; weight loss 18. 9370. (Big alin Ome: Fig. DU ) 


* A partial analysis of the Bree Hills morinite was run at ihe U. Ss. Geologie Survelm 
It showed 14.30% F (by S. M. Berthold) and 10.04% total H2,O (by J. J. Fahey). If these 
figures are used along with the rest of those of the Volborth analyses, one obtains: 


Caz. 92Nar.99Al4.0sF7.01P 3.94017. 38° 5.19 H,0 
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TABLE 2. ANALYTICAL RESULTS ON MoRINITE* 


I II JUNI IV V VI VET VALU ee x 
CaO 688) PIS ASSIS Bails Aes AX AS swe iL abil OAS Sh Di TS) DSO 
Na2,O LIS 5.9 Gol Ol 2 7.03 6.45 8.02 720 7.26 
Al,O3 DPMS Ws) PY KSA EES D0) Dil YS YS. SOL 2s i 
P.O; LYS AD) O83 Be KOs Soil S05 Soil Be S506 
i U2 WEB ISS SA So B40 WG B98 
H20+ 9788 -9).96° 9.88 QO == 


Sum 105.38 106.24 105.59 101.45 101.43 101.43 105.16 101.36 
OPO teen OPO S8 OL24 Ono led on Inds 143" 5516)» 1-36 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
D (calc.) PO YO 


* Analyses taken from Table 1 and summed to 100%; putting SrO and MnO with CaO, 
LizO and KO with Naz,O, BeO with P2O0;; and omitting SiO», H2O(—), and residue. (Also 
the F-content of analysis I is increased by 1.3). 


Explanation of columns 


Cols. I-VI, same as the columns of like number in Table 1. In VI the value for F is 
taken as the same as that in Cols. [V-V; the amount of sample available for the 
F analysis was too small to yield an accurate result. 

VII. Composition calculated for CagNazAl;(F¢O2) (PO4)4:5H20; compare with columns 
TI. 

VIII. Composition calculated for Cazs(Caz.9Nais-sAlig-6) (A103F)19.4(POs) 31-6; Compare 
with column VI. Density calculated assuming V=3436 A’. (a=10-32; c=37-24: 
taken from Guinier film). 

IX. First four oxides of analysis III multiplied by 1.1800; compare with column IV; 


see the text. 
X. First four oxides of analysis III multiplied by 1.1893; compare with Col. VI; see 


the text. 


This could be idealized as: (CayNazAl4O3;2F7(PO4)4-5H2O. But it seems 
permissible to take the formula to be that given in the previous or the 
following paragraph. 

It should be pointed out that space group considerations show that the 
rank of the equipoints in the unit cell is limited to 2 (or 4 in the case of 
the general position of P2,/m). Thus it is impossible to put 5H2O as such 
ut equipoints, without leaving some of them empty. Therefore a formula 
such as: 

CayNazAly(OHzF 5—x)2(PO4)4°5 — «H20 (where « = 1 to 2)t 


nay seem more satisfactory. However thermal studies (described later) 


+ If x=3/2, this formula is a very close fit for the analyses. 
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TABLE 3. COMPOSITIONS OF THEORETICAL MORINITE PRODUCTS 


I I I IV V VI VII VII | 
Ca 18.67 18.90 19.19 19.83 20.08 20.12 20.88 20.28) 
Na 5.44. 5,54" 5.50) | 5,60— 5.63 55.97 —em > 00m mona 
Al 13.09 13,02 13.51) -13.34- 13.80." 13,807 43718 Gicezmm 
P 14,52 14.60 14.83 15.32% 15.51 15.65 15.64- 16.0m% 
FE 14.74 14.79 10.76 6.95 4.05 3.45 3.400 oa 
O 33.54 33.15 36.21 38.87 40.93 41.11 40.91 41.49) 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
D (calc.) — 2.88 2.90 2.94 2.965 — 2.97 — 4 


Explanation of columns 


I. Actual analysis of Black Hills morinite on a water-free basis. | 
II. Composition of Ca4(Cao.sNae-2Ale.7) (A10F3)1-7(PO4)4-3F2; this is the assun 
formula for 405° nafalapatite. | 
Densities in II-V calculated assuming V=525A%. (using a=9.38 and c=6. x 
taken from a Guinier film made from a sample of 550° nafalapatite). | 
III. Composition of Cag(Cao.4Nae-2Al;.o) (A102F2)1.6(PO.)4-4F2; this is the assumed! 
formula for 475°+ nafalapatite. 
IV. Composition of Cas(Cao-gNae-sAls-2)(A103F)1-4(PO4)4.6F2; this is the assumed 
formula for 550°+ nafalapatite. 
V. Composition of Cas(Cao-7Nae.3Als.5) (A104)1-3(POu)4-7F2; this is the assumed for- 
mula for 650° nafalapatite. 
VI. Result obtained by analyzing 650° nafalapatite (Col. IV, Table 2). 
VII. Composition of Cazs(CasNaigAhig) (A103F)11(5PO4)31; this is the assumed formula 
of nafalwhitlockite. Density calculated assuming V=3436A%. A formula fitting 
the analysis more closely is given in Table 2 (footnote to Col. VIII). 
VIII. Result obtained by analyzing nafalwhitlockite (but see Col. VI, Table 2) 


make it appear unlikely that there are two kinds of “‘water’”’ present. 
Since Stuart and Hellner of this department are engaged in making a 
structural analysis of this morinite, further speculations regarding its 
formula are better held in abeyance at this time. Their work has indi- 
cated that the material lacks a plane of symmetry. It is possible to derive 
an orthohexagonal type apatite unit cell whose dimensions are close to 
those of the morinite cell, but a discussion of this will appear in the 
morinite structure paper. 

Frondel (1941, p. 149) has noted the close relationship of the physical 
properties of apatite and whitlockite. He compares one unit cell of the 
latter with six unit cells of the former, instead of seven as in this paper 
(Table 5). Mackay (1953) has worked on the a-Ca3(PO,)2 structure, with- 
out however giving a complete solution. Whitlockite [@—Cas(PO,)o] in- 
verts to the higher-temperature @ form at 1180°. The a form is monoclinic 
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TABLE 4. PossIBLE INTERMEDIATE NAFALAPATITES 
Compositi Ne 
O 

gare Va- | ber of 

Name -| lence | atoms 

sum in B 
Ag Bs_ 61/2 (XOu)¢ Z2 “ys 

position 
Morinite Cag | NaeAlo (Al O F3)o(POs)4 5H2O | 42.0*| 4.0 
405° Nafalapatite Cas Cay.3Na2-2Ale-7 (Al O Fs3)1-7(PO)4-3 Fy 45 é 2 5 5 2, 
475°+ Nafalapatite | Cas | Cao.4Nae-2Al3.o | (Al Oo Fo)-6(P Os) 4-4 Fy 46.8 5.6 
550° ste Nafalapatite Cay Cao.gNa2-3Al3.2 (Al O3 F),.4(PO4)4-6 Fy 48 4 6.1 
650° Nafalapatite Ca, Cao.7Na2.3Als.5 (Al O4); 3(PO)4-7 49 49.8 6. 5 
Fluorapatite Ca, | Cag (PO.)¢ F, SOROR ORO 
* Exclusive of H2O. 
TABLE 5. Morinite-APATITE-WHITLOCKITE DATA 

No. of Composition Unit Va- 
unit Name cell G. lence 
cells Ag Bs (X O4)6 Z2 volume sum 

7 Morinite Cass | NawAlu (AL O F3)14(PO4) 28 35H20 3710 2.94 294T 
7 Nafalapatite Cass | CasNaizAles | (Al O4)9(POs)38 Fu 3675* 3.00 350 
vf Fluorapatite Cars | Caaz (PO4)42 Fu 3654* 3.20 350 
1 Nafalwhitlockite | Cass | CasNaisAly | (Al O3 F)n(POs)a1 — 3400* 3.00 325 
1 Whitlockite Cazs | Cass (POs) a2 _ 3400* sven 336 


* Hexagonal cell. 
t Exclusive of water. 


whereas the 6 form is rhombohedral, a most unusual situation; one won- 
ders if the a form is not a metastable product. Recently it has been found 
(Nurse ef al, 1958) that the a form itself inverts at 1430° C. to yield a 
super-a form (which enters into solid solution with a Ca2SiO,), but this 
new modification does not survive quenching to room temperature. 
Powder diffraction data for apatite and whitlockite are given in Tables 6 
and 7. Jaffe (1951) has compiled abstracts of the papers dealing with the 
synthesis of apatites. She lists (p. 66) an Al-apatite with 1.88% Al2Os3. 
Her literature shows that Caz(POx)2 is often used as one of the reagents to 
produce a synthetic apatite, but from my limited experience I would as- 
sume that in most if not all cases this was probably actually a hydrated 
form of Ca3(PO,)s. S. Landergren (see Goldschmidt, 1954, p. 455) doubts 
that aluminum can enter the apatite structure in significant amounts. 


THERMAL EXPERIMENTS 


All samples were prepared by coarse crushing, then picking out the in- 
dividual crystal grains of morinite under a binocular, then fine grinding 
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TABLE 6. PowpER DIFFRACTION Data FOR NAFALAPATITE* 


Int. ObsydamnGalcwd Indices 


Int. Obs. d'~ Cale;d Indices 

1 8.1 Srl 10-0 p) 1.88 1.884 13-2 
4 52 S75 10-1 5 1.86 1.861 23-0 
0 —- 4.68 11-0 4 1.836 1.837 12-3 
Ot 4.08 4.06 20:0 2 1.795 1.797 23-1 
1 3.86 3.87 11-1 2 1.767 iL Al 14-0 
0 — 3.495 20-1 0 — Rie) 30-3 
5 3.42 3.442 00-2 2 il 77S 1.748 40-2 
3 SI 3.169 10-2 3- 1.720 LG Pil 00-4 
3 3.06 3.067 12-0 0 — GALS 41-1 
10 2.80 2.801 12-1 + 1.678 1.684 10-4 
3 2.76 2.774 11-2 0 — 1.639 22-3 
8 2.69 2.705 30-0 2 1.635 1.637 32-2 
4 2.61 2.625 20-2 0 — 1.623 50-0 
2, Dik DPS 30-1 0 oo 1.615 11-4 
+ 2.36 2.342 22-0 2— 1.604 1.607 13-3 
1— MINS 2.290 12-2 qt 1.578 1.584 20-4 
3 2.25 2.250 13-0 3 (OSV 
5 DIY 22-1 F 
i DPD aoe 10-3 1.520 
1 Dena Me Neo igi! 1 1.500 
0 — D NH 30-2 2+ 1.468 
3 2.08 2.061 11-3 2 1.452 
3 2.05 2.028 40-0 2 1.446 
+ 1.99 1.997 20-3 2 1 202) 
0 — 1.946 40-1 1— 1.400 
3 1.932 1.936 DDeop 4 1.340 

1 1.309 


* The «-ray film from this nafalapatite is shown in Fig. 2/. A Guinier film yielded 
a=9.369 and c=6.884 (used in the calculations). 
} This is the (101) low-cristobalite line. 


for two to three hours in a mullite mortar by an electric motor mecha- 
nism. The samples so prepared were pure enough to yield an x-ray film 
that showed no extraneous lines; nevertheless they likely contained small 
amounts of apatite, since the two minerals are very closely associated in 
the original rock. Such a sample was stored in a vial, and portions taken 
out of it for the thermal experiments described below. 

All samples were heated in electric resistance furnaces. The curves 
shown in Fig. 1 are based on results obtained on heating for one-day runs 
(22 to 23 hours) in platinum boats in a furnace with the temperature con- 
trolled by a thermocouple and checked by an automatic recorder. The 
heated samples (which were extremely fine-grained) were air-quenched, 
weighed, and then studied by means of powder diffraction films such as 
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TaBLe 7. PowpER Dirrraction Data ON PALERMO WHITLOCKITE 
(1) (2) (3) (4) (S) (6) (7) (7) (9) 
Inten- Meas-  Inten- Meas- Calcu- : Inten- 
No. : ; 
:: sity ured d sity uredd lated d indi: sity y 
1 y) 8.03 I 8.005 8.0580 01-2 11 8.15 
2 5 6.55 3 6765 6.4267 10-4 15 6.49 
3 6.1667 00-6 5 6.22 
4 8 Eee 5 — 5.218 5.1600 11-0 20 SEvall 
5 4.7608 11-3 1 4.80 
6 (1) 4.3440 20-2 7 4.39 
ii 4.1102 01-8 3 4.15 
8 4 4.07 3 4.020 4.0225 02-4 15 4.06 
9 SEOs 11-6 3 4.00 
10 a 3 Ae) 5+ 3.407 3.4200 10-10 25 $415 
11 3.3647 21-1 3 3.40 
12 1 3165, 1 3.304 3.3245 12-2 9 3.36 
13a SEZ 165 11-9 if 325 
13 3.2144 20-8 il S05 
14 9 SP _ 3.160 3.1736 21-4 55 SAM 
15 3.0834 00-12 1 Sn llal 
16 1 E02 1 2.974 2.9791 30-0 iS SOs 
17 10 2.88 10 2.837 2.8498 02-10 100 2.880 
18 3 DUS 3— DHNG) 2.7285 12-8 20 DQ. US 
19 1 2.68 DOP 2.6824 30-6 9 DANG 
20 3 2.636 2.6469 (loi? il 2.674 
21 9 2.60 8 DSM 2.5800 22-0 65 2.607 
DY D DSP 1 DSS 2.5349 01-14 5 22562 
23 25253 22-3 7 D553 
24 1 2.491 2.4956 21-10 11 2.520 
DS WI 13-1 5 2.499 
26a 2.3844 12-11 9 2.407 
26 y) 2.41 y) 2.379 2.3804 22-6 9 2.407 
Bi 2.3502 31-5 5 2 NS 
28 y DDS 1 DAS 2.2396 10-16 9 2.263 


Columns 2-3 from C. Frondel (Cu radiation). Am. Mineral., 28, (1943) 228. 


Columns 4-5: Fisher, Fe/Mn radiation, 114.6 mm. camera. Indexing checked against 


single-crystal films. 


Column 6: results computed assuming a= 10.32 and c=37.00 (values obtained from a 


precession film; later from a Guinier film I got a= 10.37 and c=37.19). 


Columns 8-9 from DeWolff, Cu/Ni radiation, 114.6 mm. camera, intensities by 
photometer, A.S.T.M. 9-169, heated commercial sample; a=10.43, c=37.38. Lines 
(21-5), (21-7), and (32-7) listed by DeWolff are absent or with very weak intensity on 
my single-crystal films. Line #34 (00-18) is not listed by DeWolff. 


TABLE 7 (Continued) 


(1) (2) (3) (4) (5) (6) (7) (8) (9) 


Inten- Meas- Inten- Meas- Calcu- Inten- 


No: sity ured d sity uredd lated d Indices sity q 
29 Dd SOS) 11-15 3 2.249 
30 2, 2.19 2 22230 22133 Oe 1 2.241 
31 2 2.16 2 Digi 2.1720 40-4 TOS 
SW 3 2.143 2.1427 30-12 2.165 
38} 2.0820 21-14 2.103 
34 1 2.07 1 2.078 2.0556 00-18 
34a 2.0542 20-16 7 2.076 
35 AVAL Syyoil 3 2.068 
36 2 2.04 1 2.048* 2.0379 23-2 5 2.061 
37 1 2.00 3 2.011 2.0121 04-8 9 2.033 
38 2.0016 32-4 5 2.023 
39 19956) Skeet 3 2.017 
40 1 1.980 1.9790 22-12 7 2.000 
41 1.9505 14-0 1 1.970 
42 1.9264 14-3 3 1.946 
43a 1.9139 11-18 20 1.933 
43 6 1.93 5 1.913 1.9128 40-10 20 1.933 
44 5 1.88 3 1.876 1.8744 23-8 15 1.895 
45 3 1.860 1.8594 41-6 13 1.879 
46 1 1.82 1 1.809 S122 Ole 20: 11 1.830 
46a 1.8080 13-14 11 1.830 
47 2 1.794 1 Lk A Le) 5 1.812 
48 1 1.780 ei} 93 O02 5 1.798 
49 1.7621 41-9 5 1.781 
50 3 en 2 oro le SS0) © Oso! 7 1.774 
5 1.7200 33-0 3 1.738 
7 AY 8 1.701 11097 20220 DS 15723 
53 1 1.70 2— 1.692 1.6923 30-18 7 iowa 
54 2 1.67 2 AOS CoS Hots! 7 1.685 
55 1.6614 24-4 3 1.6065 
56 1.6585 41-12 5 1.637 
57 1 1.63 1 1.622 1.6200 23-14 5 1.625 
58 1 1.60 2 1.609 1.6069 40-16 5 1.603 
59 1 1.588 1.5868 33-9 3 1.600 
60 5 TOS 5 15372 15 S6O ne 40) 11 1oa2 
61 1.5342 32-16 3 1.532 
62 1 1.519 3 1.520 
63 1 1.507 3 1.505 
64 2 1.493 1.4896 60-0 
65 1 


4775 11-24 5 1.465 


* Diffuse reflection. 


(1) The (20-2) line (d=4.34) shows up very well on some of the synthetic whitlock- 
ites. 


TABLE 7 (Continued) 


(1) (2) (3) (4) (S) (6) (7) (9) 
No Inten- Meas- Inten- Meas- Calcu- Indi 
. sity ured d sity uredd lated d et 
66 1 1.46 2 | 4S 1.4511 43-4 1.440 
67 1 1.43 2 1.431 1.4253 04-20 1.429 
68 1 1.418 1.414 
69 1 1.40 2 1.403 1.4003 34-8 1.409 
70 1 1.38 3 1.396 123939 526 1.387 
71 1 1.374 1.3738 23-20 
72 1 1.367 1.3695 03-24 
73 1 1.324 1.3620 16-1 
74 2- iL Slat 1.3193 33-18? 
75 1 1.300 1.3118 12-26 
76 2 1.292 1.2900 44-0 
77 1.2842 34-14 
78 2 1.278 127609 se5el 
79 2 5) 4 1250) 1.2475 42-20 
80 il 1.242 1.2379 25-15 
81 2 1.24 4 12252 e555 O00 
82 2 tet 1.2283 62-4 
Two faint lines omitted 
85 1 1.18 3 Ls 1.1745 52-18 
86 1 iL Alia 1.1693 23-26 
87 1 11 15%) 1.1507 34-20 
88 1 1S 2 AA le S98 03-30 
89 2 il, aA 1.1131 22-30 
90 3 ite il 6 i silalcose* 
One faint line omitted 
92 1 1.09 2 1.097 1.0933 54-10 
93 3 1.088 1.0843 27-4 
Three faint lines omitted 
97 1 1.05 3- 1.053 1.0490 52-24 
98 1 1.03 2 1.033 10320 Reo oe 0 
99 3 1.029 1.0298 26-20 
100 D 1.026 1.0256 54-16 
101 1 1.023 
102 1 1.020 1.0225 34-26 
103 2 1.010 
104 1 1.002 
105 1 0.9913 0.9881 46-10 
106 2 0.9858 
107 1 0.9839 
108 1 0.9821 0.9828 7: 
1 0.9742* 0.9785 55-12 
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fic. 1. Cumulative per cent weight-loss curves obtained on heating 
morinite for one day runs. 


those illustrated in Fig. 2. After heating some samples in air it was de- 
cided to try heating in a constantly-pumping vacuum mainly in hopes of 
finding out what was happening to the fluorine. 


Samples heated in air (dashed-line curves of Fig. 1). 


In the early work (1957) samples were heated in air on platinum foil in 
porcelain boats without weighing. Such samples were obtained on which 
two of the chemical analyses given in Tables 1 and 2 (those listed in 
columns IV and V) were made. Beginning in January 1958 samples were 
weighed before and after heating. Because of the inconsistent results ob- 
tained, it was soon realized that interaction with air played an important 
part in the reactions occurring when the temperatures exceeded 400° C. 
Thereafter, in general, such samples were heated only as very thin layers 
(not over a few tenths of a mm. in thickness) spread out evenly along the 
bottoms of the boats. It was also observed that (when heated above 
400°) the result depended in part on whether the sample was put in a hot 
furnace, or in a cool furnace and slowly raised to the temperature of heat: 
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ig. The dashed-line curves of Fig. 1 show the results thus obtained. 
.bove 400° these split into a triple set, the bottom one (nos. 27-32) giv- 
1g the results when thick samples were used (some of these were heated 
ver 100 hours); the other two were secured by working with thin sam- 
les. The top one (nos. 9-19) fits the case when the samples were put in 
hot furnace, the middle one (nos.. 20-25) when they went into a cool 
imnace. In the range 500—900° these three curves are roughly parallel to 
ach other and the top and bottom ones are nearly two weight per cent 
rom the middle one. Presumably the top layer of the samples used to 
lot the bottom curve underwent the same reaction as did the samples 
hat yielded the top curve; thus an idealized position for the bottom 
urve (had the surficial parts of the samples suffered no action from air) 
7ould presumably be very close to the lowest solid-line (vacuum heated) 
urve. When heating thick samples in air, the conversion from the apa- 
ite structure to the whitlockite structure (except presumably for a thin 
vyer at the top of the sample) did not take place, even on material 
eated to 1000°, although a little corundum separated out above 800° or 
0. 

The conversion of the morinite to the apatite structure takes place at 
round 400°. This occurs whether the sample is thick or thin, but the per 
ent weight loss at a given temperature is somewhat greater for a thin 
ample than for a thick one on one-day runs. At 405° (Fig. 1, no. 7) the 
nes for the two structures are equally strong on the x-ray film; at 373° 
Fig. 1, no. 5 and 6; see Fig. 2B) just a trace of apatite appears; at 422° 
Fig. 1, no. 9) no morinite lines are left, but the apatite (20.0) line ap- 
ears to be heavy. Actually this heavy line is largely due to the (101) re- 
ection from low cristobalite (d=4.04). This conversion is closely related 
9 the driving off of all the water present. A sample (Fig. 1, no. 8) 
reighing 0.86 grams was heated in an unglazed porcelain boat during 
ome of the early work. Held at 105° for 19 hours the weight loss was 
3%; at 410° for six days the additional weight loss was 9.94%. This 
ample was then analyzed by Volborth who found it contained 13.65% F. 
Note that ‘‘water-free morinite” carries 14.74% F.) An x-ray film (Fig. 
D) showed it to have a good apatite structure, with a heavy (101) cris- 
obalite line, but with no other extraneous lines. Since an ordinary 
uorapatite is not supposed to contain more than 3.76% F, this is a most 
nusual specimen. However, the air-heated apatite-structure (Fig. 1, no. 
3) produced at 650° on which a complete chemical analysis was made 
Table 1, col. IV), which carried but 3.45% F, gave a perfectly normal 
patite film (Fig. 2/). 

A few of the air-heated samples shown in Fig. 1 do not lie on any of the 
urves. Thus No. 26 represents a large (0.4 gr.) sample heated at 925° for 
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a day on Pt foil in an unglazed porcelain boat in an attempt to duplicate 
No. 32, the analyzed sample; the resulting powder yielded quite a differ- 
ent x-ray film from that obtained from No. 32 (which was heated in an 
unglazed porcelain boat without Pt foil). No. 33 represents a half-gram 
sample heated in a Pt crucible by Volborth for a day at 550° (wt. loss of 
15.6%), two days at 650° (additional wt. loss of 1.7%), and then several 
days at 940° (total wt. loss of 18.65%). Nos. 38 and 39 represent samples 
heated respectively for eight days at 405° and for nine days at 440°. On 


Fic. 2. X-ray powder diffraction patterns of heated morinite samples (except K). All 
taken with Fe/Mn radiation in a 114-mm. diameter Straumanis-type (Philips) camera. 
Approximately natural size. 


A. Vacuum-heated at 325° for 25 hours; at C in Fig. 1. This is a normal morinite pat- 
tern. 

B. Thin layer heated in air at 375° for 23 hours; Fig. 1, no. 6. This is a normal morinite 
pattern with but a faint trace of apatite structure. 

C. Heated at 550° under an aspirator vacuum in a Vycor glass tube for 88 hours; 
weight loss 10.9% at T in Fig. 1. This is an apatite pattern with some extraneous 
lines; the sample carries 14.11% fluorine. 

D. Large sample heated in air at 415° for six days; Fig. 1, no. 8. This is an apatite 
pattern with a (101) low cristobalite line at d=4.04; the sample carries 13.65% 
fluorine. The lines are somewhat fuzzy; presumably the sample is not very well 
crystallized. 

E. Small samples vacuum-heated at 885° for 23 hours with an apparent weight loss of 
36.80%. These samples were put into a hot furnace, and some of the apparent loss 
in weight resulted from sputtering. Part of this weight loss is material which con- 
densed as a ring deposit of cryolite near the cool end of the silica glass tube. This 
is an excellent apatite pattern, with a heavy (101) cristobalite line. This experiment 
was later repeated putting the samples in a cool furnace; results were the same, but 
with a weight loss of only 23.5% (N of Fig. 1). 

F. Large sample heated in air at 535° for 46 hours and then overnight at 650°; Fig. 1, 
no. 13. This sample was subjected to a complete chemical analysis (Table 1, col. IV). 
The x-ray pattern is that of an ordinary apatite with a=9.38 and c=6.89. 

G. Vacuum-heated at 665° for 21 hours; at Z in Fig. 1. This is an apatite pattern with 
an additional line at d=3.37, very close to the (00.2) line of d=3.44. A deposit of 
chiolite formed in the silica tube where it became cool. 

H. Thin layer heated in air at 745° for 23 hours; Fig. 1, no. 15. This pattern represents 
about half apatite and half whitlockite. 

J. Thin layer heated in air at 835° for 23 hours; Fig. 1, no. 17. Ten such samples were 
combined and subjected to a complete chemical analysis (Table 1, col. VI). The 
pattern is typical of whitlockite with the addition of two weak corundum lines. 
These latter appear if the sample is put in a hot furnace, but are absent if it is put 
in a cool furnace. Therefore the chemical analysis represents a possible “pure” 
whitlockite. 

K. Whitlockite, Palermo, N. H. Sample heated in air at 890° for 23 hours; same pattern 
as is given by the unheated material. A Guinier film of the unheated material yielded 
GLO /o=sih 19) 
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the other hand long heating (10 days) effected no change in sample No. 
25 as regards weight-loss or diffraction film; incidentally the whitlockite- 
structure films from these two samples (No. 25) showed a strong d=17.5 
line whose origin is unknown; certainly it does not belong to the whit- 
lockite structure. A series of eight one-day runs made on thin samples at 
temperatures between 713 and 800° showed (Fig. 1, No. 15) that the 
whitlockite and apatite diffraction lines (Fig. 2H) are about equally 
strong at a temperature of 745°. The analyzed nafalwhitlockite (Fig. 1, | 
No. 17; Tables 1-2, col. VI) gave an «-ray film (Fig. 2/) identical with 
that of the Palermo whitlockite (Fig. 2K; Table 7) except for the pres- 
ence of a couple of weak corundum lines. These lines do not appear if the 
sample is put in a cool furnance and raised to 835°, but they are present 
when the sample is put directly into a hot furnace. 


Samples heated in a vacuum (solid-line curves of Fig. 1). 


The morinite powder was put in platinum boats placed in a continu- | 
ously-evacuated silica-glass tube.* Here too the single curve obtained at — 
lower temperatures (Fig. 1) split into three branches (above about 500°) 
depending on whether a single sample was heated repeatedly at succes- 
sively higher temperatures (bottom solid-line curve, if a small sample; 
middle solid-line curve, if a large sample), or new (small) samples were 
used for each heat (top solid-line curve). 

Samples E-F-G-H-J (bottom solid-line curve of Fig. 1) were placed as 
single small samples (.05 to .06 gr.) in each of two platinum microboats in 
the silica tube and were heated for one day each at successive increases in 
temperature. These all have apatite structures, though F is a bit peculiar 
(like K it shows a number of extra lines), and J shows a trace of whit- 
lockite structure. On heating J in air at 860° for a day it gave a whit- 
lockite structure (Fig. 1, No. 34). E has a (101) cristobalite line. 

Samples K-L-M-N (top solid line of Fig. 1) were handled just like the 
last series, except that a new pair of samples was introduced at each tem- 
perature; however, each sample was put in a cool furnace. Note that K 
duplicated the structure of F, but that at a higher temperature chiolite 
(L) or cryolite (M and 1) condensed as a ring deposit on the silica tube 
where it became cool at the furnace entrance.t The chiolite (NasAlsFy) 
and cryolite (NasAl Fs) patterns are well marked, but «-ray films of both 


* Using a fairly new Welch no. 14051 two-stage duo-seal vacuum pump (guaranteed 
vacuum of 0.05 micron Hg). 

} For this reason the percentage weight losses shown by curves L-M-N and Q-R-S 
are fictitious in the sense that at least part of this is represented by these two minerals 
(which were not weighed). 
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have extra (unidentified) lines. The apatite structures of L (see Fig. 2G) 
and M are unusual in that they show an additional line at d=3.37, very 
close to the (00.2) apatite line of d=3.44, that is fairly strong, and a 
weaker extraneous line at d=4.28. N shows a (101) cristobalite line. A 
whitlockite structure forms when a thin sample of either L (see No. 36) or 
N (see No. 37) is heated in air at 860° for a day. Since the heating of thin 
films of J, L, or N in air at 860° for a day yields whitlockite structures 
(nos. 34, 36, or 37 respectively) with a further Joss in weight of 2.4% (2.1, 
2.9, and 2.2 respectively), it would seem that this phenomenon is not 
simply a replacing of fluorine by oxygen. It is also to be noted that these 
three whitlockite structures apparently have quite different composi- 
tions, since they represent percentage weight losses from the original 
morinite of 17.2, 22.9, or 25.7 respectively. 

Samples O-P-Q-R-S (middle solid line of Fig. 1) were made from a 
single /arge sample (0.3 gr.) which was heated in a large platinum boat 
(7 by 26 mm.) for one day each at successively higher temperatures (cf. 
E-J incl.). Here O and P practically duplicate E and F (though near 
550° it was difficult to get consistent results), and P and Q (the latter 
with a ring deposit of chiolite) duplicate K and L. But just as G showed 
practically no change on heating to higher temperatures (see H, J), so 
also did Q (see R, S). In short, whatever product is formed at 670° seems 
to be relatively stable at higher temperatures; i.e., it is ‘‘locked in.” 
Chiolite is produced at 670° with a fresh small sample (L), or with a large 
sample (Q) heated at successively higher temperatures; but does not ap- 
pear from a small sample (G) heated at successively higher temperatures. 
It is not surprising that Na-Al-F can be removed from a heated morinite 
(which has been converted to apatite) and still leave apatite; this final 
product should be much closer to a ‘‘normal”’ fluorapatite than the first 
one. The apatite-structure films of Q-R-S are quite standard, though the 
(10.0) line is a bit more pronounced than is usual; O and P are like E and 
F, K respectively. On converting S to a whitlockite structure by heating a 
thin layer in air at 860° for a day (see No. 35), there was a weight-gain of 
0.9%; all other such conversions involved a weight-loss of over 2%. 

Under vacuum heating morinite converts to an apatite structure at 
about 400°. The conversion takes place at a weight loss of about 10%. At 
385° with a 7.2% weight loss (D, Fig. 1) the material is still morinite; ¢f. 
Fig. 2A. An early sample obtained by heating at 550° for 88 hours in a 
Vycor glass tube connected to an aspirator, which had lost 10.9%* by 
weight (7, Fig. 1), was analyzed by Volborth and yielded 13.91, 14.30 
(average 14.11) % F; this is to be compared with the original morinite 


* Contrast this with / and K done later (see Fig. 1) under better vacuum conditions 
with a weight loss of 13.3%. 
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which contains (on a H2O-free basis) 14.74% F. An x-ray film of this ma- 
terial (Fig. 2C) showed an apatite structure with a fuzzy (20.0) line and 
weak extraneous lines at d=2.94, 3.21, and 3.72. These appear to be 
residual lines from morinite (but note the heavy 9.11 and 4.70 lines of 
morinite are absent), with an additional weak line at d=5.90 which is un- 
accounted for.t Two samples scraped from the tube (at 13 and 21 cms. 
from its hot end, where the tube cooled as a result of entering the insulat- 
ing plug of the furnace, and of leaving this plug for the outside air) which 
apparently formed from the vapor state, showed patterns (13 cms.) 
identical with that of Fig. 2C and (21 cms.) of a pure apatite [but witha 
(101) cristobalite line]. It is thus evident that the change in structure 
morinite to apatite at 400° is identified with substantially complete de- 
hydration. This is not to say that the apatite produced at this tempera- 
ture contains 14.1% F (but see the results described earlier on heating in 
air); some part of the latter may be in the residual morinite, or in a pos’: 
sible decomposition product represented by the unidentified diffraction, 
lines. It thus seems established that on heating morinite all the water 
comes off at a single temperature, indicating a single kind of water-bond- 
ing in the morinite. | 

The apatite structure thus produced holds through 885° under the con- 
ditions of experimentation, though one film (from sample J) shows the: 
development of a trace of whitlockite structure at this temperature. 
Since the apatites formed represent a weight loss from the original mori- 
nite of 10.4 to 23.5%, it is reasonable to assume that they show a con 
siderable variation in composition. 


Additional thermal experiments. 


A few tiny subhedrons of morinite were put in a Pt boat and heated in 
air at 420° for one day. The crystals were visibly unchanged except for 
minor milky areas. An x-ray powder film showed the material to be 
morinite. Another such batch was heated under identical conditions, but 
for 29 days. The crystals appeared like white opal, but otherwise there 
was no visible change. However an «-ray rotation picture of one of them 
showed it to be a pseudomorph consisting of tiny apatite crystals of vari- 
ous orientations, with only slight evidence of a preferred orientation; in 


+ Samples were removed from the Vycor tube after 23, 40, and 64 hours also (after % 
weight losses of 8.9, 9.6, and 10.1 respectively) and x-ray patterns were made of each sam- 
ple. The film from the 23 hr. heat is identical with Fig. 22, except for the presence of a 
few weak (none with intensity >1) morinite lines; note it has the very heavy cristobalite 
(101) line, much more pronounced than in Fig. 2C, and it is a better crystallized apatite 
than that represented in Fig. 2C. 
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short it gave a powder-type pattern with somewhat fuzzy lines and with 
weak extraneous lines at d of 6.15, 4.12, and 3.60. 

Powdered samples of morinite were sealed into evacuated Vycor tubes 
and heated for one day at (1) 420°, (2) 465°, (3) 510°, and (4) 705°. The 
first remained morinite, the other three were converted to apatite with 
some extraneous lines. On removing the tubes from the furnace there was 
no sign of water; but this condensed as the tubes were cooled. In the case 
of (1) and (2) there was no visible etching of the glass, though this oc- 
curred in tubes (3) and (4). It would thus appear that little or no F was 
driven off up to 465° under these conditions. 

To make certain that the apatite structure was the stable one at higher 
temperatures, x-ray powder patterns were taken with a heating camera 
(the 19 cm. Unicam in C.S. Barrett’s laboratory). A sample of morinite 
was heated in a porcelain boat in air for 25 hours at 775°; this was then 
placed in a Vycor capillary and pictures were taken of it at room tem- 
perature (20°) and at 740° C. Both films showed the apatite structure, 
but at the higher temperature the value of ap had increased by 0.106 A. 
and that of cy by 0.124 A. 


D.T.A. experiments. 


The results of some differential thermal analyses are shown in Figs. 3 
and 4. The two runs (A and B) given in the former roughly duplicate each 
other (except in the case of B in which heating stopped at 800°), but they 
were made four months apart on different samples in different furnaces 
and by different operators. They clearly show a broad endothermic 
trough from 460° to 550° that undoubtedly corresponds to the loss of 
water that occurs at about 400° on prolonged heating. They also agree on 
the presence of two sharp endothermic reactions at 640° and 705°. In ad- 
dition in B there is a minor sharp endothermic break at 600°; this last is 
broader and much less obvious in A. It seems possible that these three 
sharp breaks are associated with the loss of fluorine, as is discussed later. 

In Fig. 4 are shown three DTA curves made on morinite samples which 
had previously been heated in air. Curve C is a re-run made the next day 
mn the cooled sample of B. All four breaks (including the water one) are 
till apparent, but it and the “‘last fluorine” one are greatly subdued. In D 
2 run made ona thick sample pre-heated in air at 700° for 28 hours shows 
he “‘last fluorine” break as still very pronounced; in addition there is a 
sharp exothermic reaction at 650°. A run made on a large sample pre- 
veated in air at 800° for five days is given in £ and shows the substantial 
limination of all breaks. All DTA residues (including those from A and 
FE heated to 1000°) still had the apatite structure as shown by x-ray dif- 
raction films, though above 800° some corundum separated out. 
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Fic. 3. DTA curves from morinite. Resistance 100 ohms; temperature raised 100° every 


eight minutes (after reaching 200°). 
A. Normal run to 1000°. Done in furnace no, 2 by W. A. White on Sept. 19, 1957. 


B. Normal run to 800°; then cooled to 500. Done in furnace no. 3 by W.] 


{. Parham on 
Jan. 27, 1958. 
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Fic. 4. DTA curves on heated morinite (data as for Fig. 3). 


C. A rerun on the cooled sample from Fig. 3B. Done in furnace no. 3 by W. E. Parham 
on Jan. 28, 1958. 

D. Run made on a sample preheated at Urbana in air at 700° for 28 hours. Done in 
furnace no. 2 by W. E. Parham on Feb. 26, 1958. 

E. Run made on a sample preheated in air at 800° for five days. Done in furnace no. 
2 by W. E. Parham on March 11, 1958. X-ray powder diffraction films made on this 
material both before and after the DTA run are substantially identical, showing 
excellent apatite structures with the addition of weak corundum lines. 


664 D. JEROME FISHER 


INTERPRETATION 


In attempting to interpret the previously described results on heating 
morinite, the writer first arrived at the following conclusions. Because 
the apatite and whitlockite structures produced are rich in Na, F, and Al 
as compared to the standard minerals, they are here referred to as 
nafalapatites or nafalwhitlockites. Since the first apatite structure formed 
seems to have the same composition as morinite except for the loss of the, 
water (Table 3, col I), its formula is assumed to be that shown in Table! 
4 for 405° nafalapatite (cf. Table 3, col. II). Since the 650° nafalapatite 
was analyzed (Tables 1-2, col. IV; Table 3, col. VI), its formula was cal-| 
culated to be that shown in Table 4 (cf. Table 3, col. V). Assuming the 
DTA breaks previously suggested as being due to loss of fluorine to be! 
correct, then the two intermediate stages might be designated 475°+ and 
550°+ nafalapatites and their formulas derived to be those shown in 
Table 4; compositions of these two hypothetical phases are given in 
Table 3 (cols. III and IV). Finally the nafalwhitlockite was analyzed 
(Tables 1—2, cols. V-VI) and its formula calculated to be that shown in 
Table 5 (cf. Table 3, cols. VII and VIII). In Table 5, seven unit cells of| 
morinite and apatite are compared with one unit cell of whitlockite. 

In columns IX and X of Table 2 are shown the partial compositions of 
hypothetical samples of morinite air-heated to 650° and to 835° (thin 
sample), assuming that this resulted only in the loss of water and part of 
the fluorine. The multiplication factors are based on actual measured per-| 
centage weight losses when heated in the manner described. The values 
thus obtained are so close to the actual analytical results that it seems 
reasonable to assume that on heating under these conditions, after the 


water is driven off from the morinite, nothing else is lost in any significant 
amount except fluorine. However, contrary to this view is the fact 
(shown by Fig. 1) that in going from 405° nafalapatite (weight loss of 
10%) to 650° nafalapatite (weight loss of 18%) there has been a con- 
siderable weight loss. The formulas shown in Table 4 would presume a 
loss of 5.1 fluorines and a gain of 5.1 oxygens (plus minor amounts of 
various cations to retain electrical neutrality); these changes would 
account for less than a 2% loss in weight. 

Although the samples were too fine to carry out satisfactory optical 
checking, the writer considers that the formulas given for the 650° nafal- 
apatite and for the nafalwhitlockite are substantially correct. The evi- 
dence for the formula given for the 405° nafalapatite is based on the as- 
sumption that it has essentially the same composition as morinite with- 
out its water, and that the analyzed samples (Fig. 1, no. 8 and 7) show- 
ing 13.65 and 14.11% fluorine consisted of single phases. As already 
noted the film (Fig. 2 D) for the former of these showed no extraneous 
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non-apatite) lines except for the (101) line of cristobalite, but the film of 
he latter had several extra lines. However did it not seem that postulat- 
ng the presence of (AIOF3) tetrahedra is so hazardous, the evidence for 
he existence of the 405° nafalapatite with the formula given would be re- 
arded as very good. If the formula for this substance is wrong, then 
here is little evidence for assuming 475°+ and 550°+ nafalapatites; in 
act the DTA results constitute about the only reason for postulating 
hese two substances. 

There are other reasons why some of the postulated compounds must 
ye regarded as suspect. Clearly as shown in Table 4, the changes assumed 
rom 405° to 650° nafalapatite are (chemically speaking) step by step 
ubstitution of oxygen for fluorine. And yet the thermal experiments in- 
licated that no outside oxygen (or water) was needed to produce a nafal- 
patite that represented a 14% weight loss from the original morinite. Is 
t possible that the oxygen came from the morinite water, releasing H to 
orm HF? Another enigma appears in comparing the formulas of nafal- 
vhitlockite and 650° nafalapatite in Table 5. The nafalapatite is shown 
vith (AlO,) tetrahedra; i.e., all the fluorine presumed present at lower 
emperatures has been “‘cooked out” of these, the only fluorine left being 
n the Z position. And yet on further heating of this material (in /A7in films 
n the presence of air) nafalwhitlockite is produced and this is assumed 
0 have (AIO3F) tetrahedra! 

Now why is any oxygen or water from the air needed to convert 650° 
vafalapatite to nafalwhitlockite? Note from Table 3 (cols. VI and VIII) 
hat these two have essentially the same composition. In fact looking at 
heir formulas (Table 5) it is seen that multiplying the numbers in the 
afalwhitlockite formula by about 1.1 yields the numbers of the 7-unit 
ell 650° nafalapatite formula. This is about the ratio of the cell volumes, 
nd the specific gravities appear to be the same. 

According to the formulas given in Table 4, no additional oxygen is 
eeded to produce 405° nafalapatite from morinite at 405°. Thus this 
‘onversion takes place on a thin or thick sample, in air or a vacuum; ap- 
yarently it requires simply the removal of the water from the morinite. 
yn the other hand from the formulas given it would appear that substi- 
ution of oxygen for fluorine is required to produce the “higher” nafal- 
patites. Should one assume that the necessary oxygen came from some 
esidual morinite water, releasing the F as HF? This seems reasonable as- 
uming the apatites represented by the lower vacuum curve (/—J of 
‘ig. 1) are higher nafalapatites of some sort. Such possibilities make clear 
vhy what happens on heating morinite up to 500—650° shows consider- 
ble variation, depending on rate of heating, size of sample, whether ex- 
osed to air or not, etc. 
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ADDENDUM | 


While the manuscript of this paper was awaiting publication, a note of 
a synthetic apatite by W. Johnson appeared in the Mineralogical Maga 
zine (March 1960, 408-411). By heating a 10:3 mixture of CaO ane 
Cr.O3 in ordinary (moist) air at 900°C. for 24 hours, he obtained ar 
apatite structure product of composition CayCag (Crt®O4)4(Crt3Oq). 
-(OH)s. It should be noted that Glasser and Osborn (Journ. Amer. Cer 
Soc., 41, 1958, 365-6) produced a whitlockite structure compound bs 
heating a mixture of composition 3CaO-CrO; in air between 900 anc 
1000° C. for 24 hours or longer. Johnson (and others) thought this wa: 
Cag (Cr*®O,)4(Crt*Oq)o, but Glasser and Osborn considered it to bs 
Ca3(Cr*>O,)2. On crystallo-chemical grounds the presence of the relativ: 
large Cr** ion in these structures seems somewhat doubtful. However 
Johnson found a cell volume of 568 A®. (7.6% larger than the cell volums 
of a normal hydroxyapatite.) Taking the d values given by Glasser an¢ 
Osborn for (22.0) and (30.6) yields a= 10.8 and c= 38.2 with a cell volum 
of 3850A.,* over 13% larger than the value given in Table 5. 
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ABSTRACT | 


Jadeite was found in meta-gabbroic rocks of the Sanbagawa metamorphic terrain in 
the Sibukawa district, central Japan. Veins chiefly composed of jadeite were also found ir 
the meta-gabbro. Metamorphic minerals associated with the jadeite are lawsonite, pumpel 
lyite, chlorite, vesuvianite and grossularite. Besides these minerals, small amounts o 
quartz, sodic plagioclase, analcite and calcite were found, but it is not clear whether these 
minerals are in stable association with the jadeite. 

The chemical, optical and x-ray data of jadeite and some associated minerals are given! 

The jadeite was formed probably under high water pressure at low temperature during 
the Sanbagawa metamorphism. The desilication of its host-rock by the associated ultra 
mafic rock may have promoted its formation. 


INTRODUCTION | 


The Sanbagawa metamorphism is a typical glaucophanitic regiona 
one widely developed in central and south-western Japan. The Uppe: 
Paleozoic formation, composed of pelitic, psammitic, cherty and cal- 
careous sediments and mafic volcanic rocks was transformed into crystal- 
line schists by regional metamorphism. The metamorphic terrain can be 
divided into several zones showing the progressive change of metamor- 
phic grade (Seki, 1958a; Miyashiro and Seki, 1958a; Miyashiro and 
Banno, 1958; Seki, Aiba and Kato, 1959a and 1959b). Mafic and ultra. 
mafic intrusives such as those of dolerite, gabbro, peridotite and ser- 
pentine are often observed in this metamorphic terrain. These intrusive 
rocks were probably emplaced prior to or during the regional meta- 
morphism. No granitic intrusive can be seen in any part of the meta- 
morphic terrain. The age of the Sanbagawa metamorphism has not beer 
determined, but several geological evidences show that the metamor- 
phism was completed before the deposition of the lower Cretaceous for- 
mation. 

In low-grade parts of the metamorphic terrain, glaucophane, lawsonit« 
and pumpellyite commonly occur. In January, 1959, the writers founc 
jadeite in crystalline schists and meta-gabbroic rocks in the Sanbagawe 
metamorphic area of Sibukawa district, Sizuoka Prefecture, centra 
Japan (Fig. 1). 

In this paper, the mode of occurrence and mineral assemblages of th¢ 
jadeite-bearing meta-gabbroic rocks are described and the genesis of the 
rocks is discussed. 
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Tic. 1. Map showing the distribution of Sanbagawa metamorphic rocks. 


OUTLINE OF GEOLOGY 


The Sanbagawa crystalline schists in the Sibukawa district were de- 
cribed in detail in other papers (Seki, Aiba and Kato, 1959a and 1959b). 
Phis metamorphic area was divided into the following three zones, prob- 
bly representing progressive mineralogical change (Fig. 2). 


I: Epidote-pumpellyite-actinolite-glaucophane. 
Il: Epidote-garnet-actinolite-glaucophane. 
III: Epidote-edenite. 


In the first zone, there are some areas elongated parallel to the general 
rend of the schists where lawsonite and glaucophane are stably asso- 
iated with epidote and pumpellyite (dotted areas in Fig. 2). This min- 
ral assemblage may represent that of the ‘‘lawsonite-pumpellyite- 
pidote-glaucophane subfacies”’ defined by Miyashiro and Seki (1958b). 

Several masses of mafic and ultramafic intrusives are present in these 
rystalline schists. The mafic intrusives are gabbroic and doleritic rocks 
ontaining olivine, augite and common hornblende. In these rocks, low- 
rade metamorphic minerals such as glaucophane, chlorite, actinolite, 
odic plagioclase, epidote, lawsonite and pumpellyite occur. The ultra- 
1afic intrusives are partially serpentinized or chloritized peridotite and 
erpentinite. 

The jadeite-bearing meta-gabbro was found within the serpentinite 
asses closely associated with the crystalline schists of the lawsonite- 
umpellyite-epidote-glaucophane subfacies (triangular marks in Fig. 2). 
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Fic. 2. Metamorphic zoning of the Sanbagawa crystalline schist area in the Sibukaw 
district. 


I: Epidote-pumpellyite-actinolite-glaucophane. 
II: Epidote-garnet-actinolite-glaucophane. 
III: Epidote-edenite. 


In the dotted area within Zone I, lawsonite and jadeite occur in crystalline schists. Ti 
triangular marks in the serpentinite masses (Sp) represent localities of jadeite-bearin 


meta-gabbro. Full lines and broken lines represent faults and boundaries between tt 
metamorphic zones respectively. 


A detailed geologic map of the south of Nisikuroda is shown in Fig. 3. 
M: Mesozoic formation. 


T: Tertiary formation. 


JADEITE-BEARING META-GABBRO 


Six exposures of the jadeite-bearing meta-gabbro have been found i 
this area and there are probably many more, because meta-gabbro 
common in the ultramafic masses. The jadeite-bearing meta-gabbro is 
all cases completely surrounded by highly sheared and serpentinize 
ultramafic rocks of lenticular or dike-like form. The maximum width 
10 meters (Fig. 3) 

The meta-gabbroic bodies are commonly separated by a slickenside 
surface from the surrounding serpentinites. However, the writers four 
an exposure which appears to show an intrusive eslaten of the gabbro | 
the serpentinites (Fig. 4). 

Granular augite crystals less than 3 mm. in diameter are common 
found in the jadeite-bearing meta-gabbro. The augite, which is the on 


JADEITE OF META-GABBROIC ROCKS IN JAPAN 671 


N Higasikuroda 


Nisikuroda 


Fic. 3. Geological sketch map showing the distribution of jadeite-bearing meta-gabbro 
n a serpentinite mass of Nisikuroda-Higasikuroda, Sizuoka Prefecture, Japan. 


J: Jadeite-bearing meta-gabbro. 
Sp: Serpentinite. 
Ps: Pelitic schist. 


elict mineral, shows weak wavy extinction and has innumerable dust- 
ike inclusions (rutile?). From these features the mineral can be easily 
listinguished from jadeite, which is clear, and is granular, acicular or lath 
shaped. The optical properties of the augite are @=1.711-1.714, (+) 
y= 49-55°. 

All other minerals of the rocks are of metamorphic origin. They are 
adeite, pumpellyite, vesuvianite, grossularite, chlorite, lawsonite, seri- 
ite, sodic plagioclase, leucoxene, analcite, quartz and calcite. The last 
hree minerals are rare. 

The chemical composition and mineral assemblage of one of these 
‘ocks are given in Table 1. Its locality is shown in Fig. 4. 

Within the jadeite-bearing meta-gabbro, veins or veinlets composed 
hiefly of jadeite are often found. The veins are mostly from 2 mm. to 5 
m. wide (Fig. 4). It is usually milky white and occasionally pale green. 
Most jadeite crystals have their c axis perpendicular to the wall of the 
reins. The maximum length of the crystals in the direction of c-axis is 
ipproximately 2 cm. In some veins, small amounts of sodic plagioclase, 
hlorite, analcite, quartz and grossularite are also present besides 
adeite. 

MINERALOGY 
ladeite 

Jadeite is a constituent of the meta-gabbro as well as of the veins. 
Chese two kinds of jadeite show no difference in physical properties and 


672 Y. SEKI, M. AIBA AND O. KATO 


TABLE 1. CuremicaL COMPOSITION AND MINERALOGICAL ASSEMBLAGE OF JADEITE-BEARIN} 
META-GABBRO (F-28) FROM NISIKURODA IN SIZUOKA PREFECTURE, JAPAN 
(Analysis by C. Kato) 


} 
| 
| 
= : 


Wt. % 


Wt. % 


| 
SiO» 43.49 Relic augite 15 
ALO; 18.52 Pumpellyite 53 
FeO; ib Sif) Jadeite 15 
FeO 3.90 Chlorite 8 
MnO 0.64 Lawsonite 3 
MgO 8.11 Sodic plagioclase, 
CaO 13.45 analcite and quartz Y 
Na2O 2.34 Sericite 1 
K:0 Be Leucoxene 3 
H,O0+ 6.94 — - | 
H.O— 0.30 Total 100 
Total 100.28 


x-ray powder data (Tables 2 and 3). The x-ray data are practically iden 
tical to those given by Yoder (1950) and by Chihara (1958). The chem) 
cal composition of the vein jadeite is shown in Table 4. The jadeite of th 
meta-gabbro is usually acicular and rarely granular. Aggregates of acit 
ular jadeites in random orientation and chlorites are commonly presen 


Fic. 4. Sketch of an exposure showing the mode of occurrence of jadeite-bearing mete 
gabbro. The location of this exposure is marked with a circle in Fig. 3. 
Sp: Serpentinite. The marginal part of the serpentinite is strongly sheared and slicker 
sided. 
Jg: Jadeite-bearing meta-gabbro. 
J: Jadeite-vein. 


The cross mark in jadeite-bearing meta-gabbro represents the point from which samp 
¥-28 came. The composition of this sample is shown in Table 1. 
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TABLE 2. PHysIcAL PROPERTIES OF JADEITES IN META-GABBRO AND IN JADEITE-VEINS 
FROM NISIKURODA, SIZUOKA PREFECTURE, JAPAN 


Jadeite in metagabbroic rocks 


Jadeite in veins 


Color to naked eye 


Specific gravity 


Hardness 
Cleavage 
a 
B 
ay 


Optical orientation 


(+) 2V 
GINZ 


Dispersion 


Pleochroism 


Colorless 

Not determined 
Not determined 
{110} good 
1.654+0.002 
1.660 +0.002 
1.670+0.002 
WE 

69-73° 

36° 

r<v 

No 


Colorless to pale green 


3.30+0.02 
6.5 

{110} good 
1.656+0.002 
1.660 +0.002 
1.668 +0.002 
Weep 

68-73° 

syle 

r<v 

No 


in thin sections of the meta-gabbro. These aggregates were probably 
formed from the augite of the original rocks. 


Pum pellyite 


The pumpellyite in jadeite-bearing meta-gabbro is always acicular and 
is colorless in thin section. Its optical and «-ray powder data are shown in 
Table 5. The optical data show that the pumpellyite is very poor in ferric 


and ferrous iron (Coombs, 1953; Seki, 1958b). 


TABLE 3. X-RAY POWDER PATTERNS OF JADEITE IN META-GABBRO (F-28) OF 


NISIKURODA, SIZUOKA PREFECTURE, JAPAN 


hkl d(A) hkl d(A) I 
110 6.19 1 330| 
020 4.28 2 331/ aes Z 
021 3.25 0.5 421 2.052 0.5 
220 3.10 2 420 1.997 <0.5 
221 2.919 7 041 1.966 3 
310) mee @ 241 1.888 0.5 
311f 132) < 

. 764 1 
202 2.533 4 510) 
002 2.495 3 150 1.683 0.5 
221 2.416 3 531 1.574 1 
312 PH 2 440 1.552 D 

2.160 0.5 


022 


Note: Peaks were indexed on the basis of a monoclinic unit-cell with the following 
dimensions: a=9.46 A, 6=8.56 A, c=5.25 A, 8B=72°34’. 
Quartz powder was used as an internal standard. 
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Taste 4. Tae CuemicaL CoMPosItION AND ATomMIc RATIOS OF JADEITE OCCUR- 
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RING IN A VEIN IN JADEITE-BEARING META-GABBRO (I-28), 
NISIKURODA, SIZUOKA PREFECTURE, JAPAN 


(Analysis by C. Kato) 

Wt. % Atomic ratios 
SiOz 59.67 O 6.00 
Al,O3 23.61 Si 2.02 
Fe.0; 0.33 Al 0.94 0.95 
FeO 0.16 Read OO 
MnO 0.16 Fe’ 0.00 
MgO 0.47 Mn 0.00 
CaO 0.82 Meg 0.02 1.01 
Na,O 14.24 Ca 0.03] © 
K,0 0.71 Na 0.93 
H.O+ 0.13 k 0.03 
H.0— 0.00 

100.30 


Total 


TABLE 5. OPTICAL PROPERTIES AND X-RAY POWDER DATA OF PUMPELLYITE IN 
JADEITE-BEARING META-GABBROIC ROCK (F-28) FROM 


NISIKURODA, SIZUOKA PREFECTURE, JAPAN 


a=1.676+0.002 (+) 2V=106° 

B=1.680+0.002;y—a=0.011 2) Xt == On eye 

y=1.688+0.002 colorless in thin section. 
hkl d(A) I hkl d(A) I 
004 4.74 20 125 2.20 30 
111 4.67 20 026 2.16 5 
200 4.39 20 224 el 10 
202 4.19 10 404 2.09 10 
005 3.81 40 118 2.07 lS) 
114 3.54 10 027 2.01 10 
204 3.45 10 130 192 10 
106 Cry 10 404 1.89 5 
204 3.04 15 119 1.88 5 
021 2.91 100 028 1.85 5 
206 Dap 45 422 1.69 10 
Salil DOS 35 318 1.67 10 
024 DSi 20 424 1.59 29 
312 2.44 30 0.0.12 iN byl 20 
222 DR oye 15 2210 aos 10 

DST 15 


315 
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TABLE 6. OPTICAL PROPERTIES AND X-RAY PowpER Data or THREE VESU- 
VIANITES IN JADEITE-BEARING META-GABBRO FROM NISIKURODA, 
SIZUOKA PREFECTURE, JAPAN 


I II III 
YSMACK59022203 YSMACK59022204 YSMACK59022205 
¥ 1.715 720) 1.743 
(=) AY 8° 0° 1G 
hkl d(A) I d(A) I d(A) I 
3.06 m 3.08 Ww 3.06 m 
3.01 m SO s 3.01 m 
004 2.96 s 2.96 s 2.96 s 
2.91 W 2.90 m 22938 Ww 
2.88 W 2.88 Ww 2.88 m 
2.84 Ww 2.84 W 2.84 m 
Dass W 2.83 Ww 2.83 Ww 
440 Dials) vs DUE vs 2.76 vs 
2.67 m Dao m 2.67 m 
600 2.60 s 2.60 S 2.60 5 
2256 Ww D0) m 2206 m 
2.54 Ww 2.54 S DO: m 
620 2.46 s 2.47 S 2.47 S 
DEoo m | DES m 2.39 m 


Vesuvianite 


Vesuvianite occurs probably in stable association with jadeite, grossu- 
larite and chlorite. No vesuvianite was found in lawsonite-bearing por- 
tions of the meta-gabbroic rocks. In the meta-gabbro having vesuvianite, 
pumpellyite is very rare. The vesuvianite usually has tabular or acicular 
forms with distinct (110) cleavage. The optical and x-ray powder data of 
some vesuvianites are given in Table 6. Chemical composition of a vesu- 
vianite is shown in Table 7. The vesuvianite of Column 3 in Table 6 has 
strong brownish pleochroism and extraordinary high refractive indices. 


Grossularile 
Grossularite, always granular in form, occurs in association with 
jadeite, chlorite and vesuvianite. Its refractive index and unit-cell di- 
mension are as follows: 
nm = 1.732 = 0.002 
a = 11.87A 
Chloritle 


All the jadeite-bearing meta-gabroic rocks have a considerable amount 
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of chlorite. The chlorite, judging from the optical properties shown be- 
low, may belong to rumpfite or prochlorite. 

1.585-1.590, (+) 2V = 10-12°, 

1.592-1.594, Colorless in thin section. 


a 


Ay 
y 


ll 


Lawsonile 


Lawsonite, tabular in form, is rarely present. It is in stable association 
with jadeite, pumpellyite and vesuvianite. An attempt to separate pure} 
lawsonite from the host rocks by means of the isodynamic separator and 
Clerici solution was unsuccessful. The optical properties of the lawsonite 
are as follows: 

a = 1.664, 6 = 1.675, y = 1.686; y — a = 0.002 


(+) 2V = 78-84°, Colorless in thin section, Elongation negative. 


Other minerals 


Small amounts of sodic plagioclase, analcite and quartz are present 1m 
the jadeite-bearing meta-gabbro and in the jadeite veins. They usually 
fill the interstices between jadeite crystals or are developed along their! 
cleavage planes. These salic minerals are easily determined under the 
microscope and by the «-ray powder method. It is not clear, however. 
whether these salic minerals are in stable association with jadeite. Cal- 
cite is also observed in some of meta-gabbroic rocks. 

TABLE 7. CHEMICAL COMPOSITION OF VESUVIANITE IN JADEITE-BEARING META-GABBRO 
FROM NISIJURODA, SIZUOKA PREFECTURE, JAPAN 


The optical properties and x-ray powder data of this vesuvianite are 
represented in Column I in Table 6 
(Analysis by C. Kato) 


Wt. % Atomic ratio* 
SiO» 39.77 Si 9.34 
TiO» 0.47 Ti 0.08 
Al,O3 17.41 Al 4.82 
Fe,O3 3.60 Fe’”’ 0.63 
FeO 0.76 Fe” 0.15 
MnO 1.48 Mn 0.29 
MgO 0.32 Mg 0.11 
CaO Sao!) (ea 8.40 
Na,O n.d. HL,O 1.83 
KO n.d. 
H.O+ Doe: 
HO — 0.30 

99.84 


* Atomic ratio was calculated on the anhydrous basis O= 36. 
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DISCUSSION 


The metamorphic minerals composing the jadeite-bearing meta- 
gabbro may have been formed by the following chemical reactions: 
NaAlISi;0s > NaAISi.0, + SiO» (1) 

Albite Jadeite : 

NaAlISi;03 + H2O — NaAlISi.0¢(H2O) + SiO; (2) 

Albite Analcite 
2 CaMgSi.O¢ + 6 CaAleSix0s + 7 H,O > 

Augite Anorthite 

2 CasMgAl;SigO2;3(OH)3:2 HoO + AlsO; + 4SiO. (3) 


Pumpellyite 


5 CaM gSi205 + AloO; + 4 HO > Mg;AloSi3019(0H)s + 5 CaO + 7 SiO» (4 
Augite Chlorite 

3 CaAloSizOs > CazAloSizO12 + 2 AloO; + 3 SiO» (5 

~ Anorthite Grossularite 

2CaMgSi.0¢ + 8 CaAloSi20s + 2 H2O0 > CaipMgeAl4SigO34(OH); + 6AlO3;+11SiO. (6 

Vesuvianite 

CaAlsSi2Os + 2 H2O0 > CaAleSir20s:2H2O0 (7 

Anorthite Lawsonite 

FeTiO; + CaO + SiO. — CaTiSiO; + FeO (8 

Ilmenite Leucoxene 


CaO liberated in reaction (4) may have been used by reaction (8) to 
form leucoxene from ilmenite. It is also very probable that Al,O; liberated 
in reactions (3), (5) and (6) has been used to form chlorite from augite by 
reaction (4). 

FeO in the right hand side of equation (8) may have entered into 
chlorite, vesuvianite or pumpellyite. 

Some of SiO; liberated in reactions (1), (2), (3), (4), (5) and (6) seems to 
have been consumed to form leucoxene from ilmenite. However, most of 
the liberated silica may have been diffused into the surrounding ultra- 
mafic rocks where it was used in the following reaction: 


3 MgeSiO. + SiOz + 4 H20 — 2 Mg;Si,0;(OH)s (9) 


Olivine Antigorite 


If this is true, the chemical composition of the jadeite-bearing rock given 
in Table 1 should represent that of a desilicated gabbro. 

Chemical reactions (2), (3), (4), (6) and (7) involve addition of 
water. High water pressure (or high chemical potential of water) prob- 
ably promoted these reactions. The presence of jadeite, analcite, lawson- 
ite, pumpellyite and chlorite suggests that the temperature prevailing 
during the formation of the jadeite-bearing meta-gabbro was not high. 
Synthetic experiments of Robertson et al. (1957) showed that jadeite is a 
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high pressure mineral and that the stable association of jadeite and 


quartz probably requires pressures higher than 9 kilobars at room and | 


higher temperatures. 

In the present case, however, the amount of quartz in the jadeite- 
bearing rocks and in jadeite-veins is very small and it is not clear whether 
the quartz is in stable association with jadeite. As has been already 


stated, the silica liberated by the formation of jadeite from albite may | 
have diffused into the surrounding ultramafic mass. Probably the forma- | 


tion of jadeite in the gabbroic rocks was promoted by this desilication 
of the host rocks under low temperature and high water pressure condi- 
tions. It is hard to believe that high solid pressure was necessary for the 
formation of jadeite in this case. 

Jadeite forming veins is very rare, although Coleman has already 


reported the occurrence of jadeite-veins in albite-glaucophane-acmite | 


schists of California (Coleman, 1956). 
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CHRYSOTILE MORPHOLOGY 


Morton MASsER, RoBERT V. RICE, AND H. P. Kuve, 
Mellon Institute, Pittsburgh 13, Pa. 


ABSTRACT 


Bundles of chrysotile fibers embedded in ‘‘Araldite’’ were cut with a diamond knife. 
Electron micrographs showed predominantly circular cross sections, many rings, and also 
end-on views of concentric tubes. Areas of intermediate electron optical density within 


tubes and between tubes were seen. The data support the explanation of high density values | 


as being caused by amorphous-appearing material plugging voids, and strongly indicate 
that chrysotile fibers are tubes in their massive form. The ultramicrotomy method and the 
electron micrographs obtained are discussed: several unusual morphological features re- 
vealed by cutting cross sections are pointed out. 


INTRODUCTION 


Pundsack (1) and Kalousek and Muttart (2) have found the density 
of massive chrysotile to be too high for a tubular morphology. These 
findings have promoted the concept that the ultimate fibers are laths or 
solid cylinders in the bulk and that tubes which are routinely seen in the 
electron microscope (2-7) are artifacts (1, 2) or the result of selective 
sampling (8). The usual techniques of grinding fibers, the high vacuum, 
and the effect of the electron beam have been considered by some to ex- 
plain hollow fibers. 

Bates and Comer (6) recently reviewed the evidence for a tubular 
shape and published micrographs of replicas of cleaved surfaces of mas- 
sive chrysotile. Although the replica technique avoids both grinding and 
the introduction of the actual material into the electron microscope, 
chrysotile cleaves primarily along the long axis of the fibers and few cross 
sectional views were found. Nevertheless they were able to conclude 
(correctly in our opinion) that the presence of amorphous material in 
voids between tubes and within hollow fibers would explain high density 
values. 

The present study was initiated following the publication of Pund- 
sack’s high density data. It was felt that the methods of ultramicrotomy 
(developed primarily for electron microscopical examination of biological 
materials) would allow cutting of thin cross sections of relatively large 
bundles of chrysotile fibers, and that micrographs of these sections would 
provide a much clearer picture of fiber morphology than previous studies 
afforded. Noll and Kircher (7) previously attempted to cut thin sections 
but obtained only a few isolated fiber cross sections. 


MertHops 
General 
Early attempts to cut thin cross sections of chrysotile using metha- 
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rylate embedding and glass knives resulted in too few usable sections to 
ye practical. The methacrylate resin did not adhere to the fiber bundle 
sufficiently well to prevent the bundle from “popping out” when cut by 
he knife. “Araldite,” an epoxy resin first employed as an embedding 
nedium by Glauert, Rogers, and Glauert (9, 10), was found to be superior 
o methacrylate for embedding chrysotile. Preliminary results with a 
1umber of different samples of chrysotile embedded in ‘“‘Araldite” and cut 
with glass knives showed close packed circular cross sections which were 
oo thick for detailed high resolution studies. The use of a diamond knife 
snabled sections to be cut thin enough to demonstrate details within the 
yredominantly circular cross sections. 

All micrographs in this paper are from a specimen of a silky fibrous 
chrysotile (Transvaal) No. M14676, Manchester University Dept. of 
seology collection. Samples were prepared for sectioning as described 
xelow and cut with a diamond knife mounted on a Servall Porter-Blum 
iltramicrotome.* 


Embedding 


Thin strands of silky chrysotile were teased apart with fine needles 
inder a 30 power dissecting microscope until the teased fibers were ap- 
yroximately 50 to 100 microns in diameter. Loosely tangled masses of 
he teased fibers were placed in small test tubes and treated according to 
he following schedule: 

(1) Three changes of absolute ethanol during 24 hours at room temperature. 

(2) 50% ethanol-50% epoxy resin mixture without accelerator for 24 hours at room 

temperature. 

(3) Three changes of epoxy resin mixture without accelerator during 24 hours at 50° C. 

(4) The fibers were then transferred to No. 4 gelatin capsules in which the long axis 

of the fibers was roughly oriented to the long axis of the capsules which were filled 
with the resin mixture complete with accelerator. If air bubbles formed they were 
removed by placing the filled capsules in a vacuum. One day at room temperature 
was allowed for infiltration. 

(5) The capsules were then incubated at 50° C. for two to four days during which 

polymerization occurred. 


The modified Glauert, Rogers, and Glauert mixture consisted of 10 rl. 
‘Araldite’ 502 (resin), 10 ml. dodecenyl succinic anhydride (hardener), 
1.5 ml. dibutyl phthalate (plasticizer), and 0.4 ml. tridimethylamino- 
yhenol (accelerator). 

After removal of the gelatin in warm water the polymerized blocks 
were trimmed so that the area to be sectioned contained one or two fiber 
undles oriented approximately perpendicularly to the front plane of the 

* The mounting for the diamond knife was custom made by Mr. Nils Jernberg of 


Xockefeller Institute; however, a similar mounting can now be purchased complete with 
liamond knife from Ivan Sorvall Inc., Norwalk, Conn. 
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trimmed block. The sections floating in the knife trough were picked up| 
on 400 mesh nickel or copper grids and coated with a thin film of evap-| 
orated carbon. 


Microscopy 


The sections were then examined in an RCA EMU-3D electron micro-| 
scope equipped with a 50 micron objective aperture. Advantage was| 
taken of 100-KV operation for scanning at high (100,000 X) magnifica- 
tions but all photographs were taken with 50-KV electrons at the lowest 
intensity consistent with adequate focussing. Several series of micro- 
graphs were taken of specimens held in the beam for periods of time rang: 
ing from a few seconds to 5 minutes in order to ascertain whether some 
of the peripheral structure seen on cross sections was caused by con- 
tamination. We have concluded on this basis that none of the structures. 
seen in the micrographs can be attributed to contamination. | 


RESULTS 


The fibers, as seen by this method, are arranged in bundles or groups 
ranging from a few fibers to hundreds or thousands of fibers comprising 
bundles a micron or more in diameter. Previous observations suggested 
that the shape of cross sections tends towards a circle when the fiber is 
cut perpendicularly to the major axis. This indication is completely con- 
firmed by the improved embedding and sectioning techniques. 

Examination of numerous micrographs shows an overwhelming pro- 
portion of circular cross sections. One such micrograph is seen in Fig. 1. 
In the upper portion of the micrograph a group of about 100 fibers is seen 
cut perpendicularly to the major fiber axis. To the lower left and to some 
extent the upper right and center right a more longitudinal cut was ob- 
tained. This micrograph shows the characteristic lack of perfect fiber 
alignment over areas larger than a few thousand Angstroms in diameter. 

An interesting and important feature of Fig. 1 is the relatively large 
amount of void space both within and between the cross sectioned fibers. 
Only in thin sections could the central holes be photographed. Most of 
the sections were estimated to be about 400 A thick but some were much 
thinner. Some of the sections such as that shown in Fig. 1 may be wedge 
shaped. This interpretation would explain the relative faintness of the 
central holes in the circular cross sections in the lower and right portions 
of the micrograph as compared with the upper left region. Although the 
sections’ varying thicknesses might account for varying densities, there 
are examples of cross sections without central holes in areas of pre- 
dominantly “doughnut shaped” cross sections. The important question 
of the relative amount of void space will be discussed later. 

Many cross sections of concentric tubes with central holes and annular 
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Fic. 1. Electron micrograph of a cross section of a chrysotile fiber bundle. In the upper 
eft area the major fiber axes were perpendicular to the knife edge. In this and subsequent 
nicrographs the line indicates a distance of 1000 Angstroms. Magnification 97,000. 


spaces of varying optical densities were photographed. Figure 2a shows 
1 compact bundle of about 60 fibers sliced at an angle somewhat less than 
0° to the major fiber axis. Areas with mixtures of single tubes and con- 
centric tubes were not frequently observed and Fig. 2 is representative 
n this respect. In a few instances only annular voids or only central holes 
ire seen within tubes but generally both central holes and annular voids 
vere of low optical density. Figure 26 is another area showing concentric 
ubes cut both across and parallel to (arrow) the major fiber axes. An en- 
argement of a portion of Fig. 2) is seen in Fig. 2c. Among the structural 
eatures shown here are: 


(1) Walls of the inner tube thicker than the outer tube walls. 
(2) Radial lines extending from the inner tube wall to the outer tube wall. (Arrows 


labeled A) 
(3) Polygonal walls of the outer tube. (Arrow labeled B) 
Figure 3 is a cross section of a bundle of chrysotile fibers showing views 
yf tubes within tubes, radial lines (arrows labeled A) as described above 
ind additional structural features. Some of these structures are incom- 
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lic. 2. A composite of three electron micrographs showing cross sections of concentric 
tubes found in chrysotile: (a) 119,000. (b) arrow points to longitudinal sections. 


119,000. (c) an enlargement of a portion of b. Refer to text for meaning of arrows. 
485,000. 


plete walls of inner tubes within outer tubes with complete walls (arrows 
labeled B), incomplete inner walls within incomplete outer walls (arrow 
labeled C), complete inner walls within incomplete outer walls (arrow 
labeled D), and an incomplete inner wall apparently attached to or 
originating from the outer wall (arrow labeled E). This micrograph also 
shows areas of varying electron optical density both within and between 
tubes. 

Diameters (O.D.) of outer tubes vary between 200 A and 500 A with 
an average of 340 A based on a limited number of measurements. Inner 
tube diameters (I.D.) range from 15 A to 150 A witha rough average of 
about 80 A. Outer tube and inner tube wall thicknesses are about 40 A 
and 70 A respectively. In some regions inner tube wall thicknesses were 
about the same as outer tube walls (40-50 A). 


DISCUSSION AND CONCLUSIONS 


We feel that this investigation, although not completed, demonstrates 
the value of ultramicrotomy of relatively hard materials utilizing a dia- 
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os 


Fic. 3. Electron micrograph of chrysotile cross section showing several unusual 
structures. Refer to text for meaning of arrows. 195,000. 


mond knife and ‘Araldite’ embedding. It should be noted that Fer- 
nandez-Moran has published micrographs of sections of metals using a 
diamond knife (11). 

We conclude from an examination of electron micrographs such as 
shown in Figs. 1-3 that most of the chrysotile fibers and especially the 
sample of silky chrysotile from Transvaal are cylindrical in shape in the 
massive form. It is inconceivable that such large areas of fibers in such 
close array could be changed from laths, curved or otherwise, to cylinders 
by any of the described manipulations. 

It is also evident that a large number of the close packed arrays of 
cylinders are hollow for some part of their length. Areas of low optical 
density are also apparent between individual tubes forming interfiber 
void spaces. However, much of the two types of open areas is actually of 
electron optical density intermediate between the fiber walls and the 
background of embedding polymer. We have for some time interpreted 
these areas of intermediate density as relatively unorganized or amor- 
phous material. Therefore the results presented here are in agreement with 
the recent conclusions of Bates and Comer (6) concerning amorphous 
material. 

Whereas the existence of hollow tubes in massive chrysotile would seem 
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to be firmly established, at present it is difficult to estimate the propor- 
tion of hollow to filled cylinders: The difficulty arises in the selection of 
the area of a section to be recorded in the electron microscope. Although 
all regions of sections thin-enough to produce an image have shown circu- 
lar cross sections some of these have had only faint indications of holes. 
The presence of amorphous material also complicates interpretations of 
the amount of hollow cylinders. Routine production of extremely thin 
sections anderies of serial sections through an appreciable depth of fiber 
bundles will.be necessary to sort out the possibilities that most of the 
fibers are either entirely hollow, partially filled with amorphous-appear- 
ing or crystalline material, or completely filled with amorphous-appear- 
ing or crystalline material. From the micrographs obtained so far it seems 
probable that some of the tubes (such as shown in Figs. 2 and 3) may 
have their inner volumes completely filled for some depth; somewhat 
farther dowh the material may only partially block the hole;and at other 
locations be absent. On the other hand tubes may be found that have 
about the same amount of material plugging their inner voids through a 
large depth of fiber. In spite of the fact that a determination of actual 
amounts of tube varieties must await further work, it is interesting to 
consider the structures brought out so far by ultramicrotomy. 

Figures 2 and 3 show a preponderance of cross sections of concentric 
tubes. Arrangements of more than two tubes in this manner have not 
been seen so far. In some micrographs (see Figs. 26, 2c, and 3) the walls 
of the inner tube are much thicker than either the outer tube walls or 
the walls of other inner tubes. For several reasons it is rather unlikely 
that the thickness could be due to embedding polymer shrinking away 
from the outer tube walls. Most importantly, a consideration of embed- 
ding conditions suggests that the epoxy resin does not penetrate either 
into the intrafiber void space or between individual fibers. The resin 
probably flows between relatively large fiber bundles. In view of the diffi- 
culty experienced by Young and Healy (12) in getting non-polar gases 
past “water sorbing plugs” in their study of gas absorption of chrysotile, 
it seems impossible that the viscous mixture used for embedding reached 
the internal regions of the tubes. Secondly, the relatively high electron 
density of the thick inner tube walls suggests material of higher electron 
scattering power than a hydrocarbon polymer. The above reasoning can 
also be cited to explain the areas of intermediate electron optical density 
found within tubes and between tubes. It appears more probable that 
such areas are of the previously postulated amorphous material. 

Although many of the tube-in-a-tube cross sections appear to be almost 
perfect concentric arrangements of rings, some are distorted. Thus some 
of the inner tubes are off center and some of the outer tubes appear to 
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have polygonal walls rather than circles. The latter may be compared to 
the much larger tubes of halloysite with polygonal outlines found by 
Bates and Comer (6). It is possible that some of the elliptical shapes of 
tubes are caused by the force of the knife but it is doubtful this could be 
the cause of polygonal outlines. 

Models, constructed from sections of transparent tubing with voids 
filled with wax to simulate concentric tubes with amorphous material, 
have been useful aids for interpreting cross sections. The interpretations 
described above have been verified with such models and they have indi- 
cated that the radial lines (labeled A) seen in Figs. 2c and 3 could be lower 
edges of the sliced tubes seen through the depth of the section of tubing. 
These radial lines could also be visualized as narrow sheets connecting 
the inner and outer tubes. Such sheets might be of crystalline or of amor- 
phous material. Thinner sections and serial sections may help clear up 
this point and also the significance of the various arc shaped structures 
seen in Fig. 3. It is possible that the latter structures may have some 
significance for interpretation of the growth of chrysotile. 

Although concentric tube arrangements have been reported in electron 
micrographs of various samples of chrysotile, particularly of synthetic 
material, we have more frequently seen tube-within-a-tube arrange- 
ments in thin sections than in dispersions of whole tubes of this sample. 
Whether the discrepancy is due to a subjective factor in selecting areas 
in the microscope or is simply a reflection of the greater capability of 
ultramicrotomy must await further work. 

The sizes of the tubular structures found in cross section by ultra- 
microtomy agree in general with the observations on dispersed fibers and 
of replica studies (6) and with the calculations of Whittaker (8) based on 
x-ray diffraction patterns. 

The preponderant evidence deduced from electron micrographs of 
chrysotile prepared by sectioning, dispersing, or replicating fibers in addi- 
tion to x-ray and electron (13, 5) diffraction and gas absorption all points 
to a tubular structure partially filled or blocked with amorphous or 
crystalline material. An explanation of the growth of tubular crystals has 
been advanced by Bates and can be summarized from the recent publica- 
tion of Bates and Comer (6): “. . . it is to be expected that the arrange- 
ment of atoms will become less regular both inward and outward from 
some point within the wall of the tube. It is hypothesized that, in the 
process of crystallization, material ‘trapped’ inside and subsequent layers 
outside the ‘ideal tube’ will have less regularity in atomic arrangement 
finally filling ‘intertube’ and ‘intratube’ areas with ‘amorphous-appear- 
ing’ material.” 

It would seem that cutting cross sections of various fibrous and platy 
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minerals would profitably add to knowledge concerning their morphol- 
ogy and origin. We plan to continue ultramicrotomy of massive chryso- 
tile using samples known to have different appearances in the dispersed 
state and to attempt to obtain serial sections of bundles to elucidate some 
of the structures observed. 


SUMMARY 


(1) Cross sections of massive chrysotile embedded in “‘Araldite”’ were 
cut with a diamond knife. 
(2) A preponderance of cross sections of a number of different samples, 


but primarily of silky chrysotile (Transvaal), were circular when exam- 


ined in the electron microscope. 


(3) Many sections showed rings with central holes which strongly indi- | 


cates a tubular morphology. 
(4) The sample examined most extensively had many concentric tube 
arrangements. 


/ 
: 


(5) Material of intermediate optical density was found both in inter- — 


fiber voids and intrafiber voids and is interpreted as amorphous material. 
(6) Some new arrangements which may be related to tubular crystal 
growth were photographed. 
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mHE CATION SIEVE PROPERTIES OF CLINOPTILOLITE* 
L. L. Ames, JR., General Electric Company, Richland, Washington. 


ABSTRACT 


A zeolite was sought for use in columns that would selectively remove Cs from solutions 
mtaining large concentrations of competing cations. Clinoptilolite was found to be highly 
s-selective over wide pH, flow rate, and temperature ranges. 

Factors affecting clinoptilolite cation selectivities included cation size, charge, electronic 
ructure and, in the presence of Na, temperature. 

The large Cs capacity, rapid approach to equilibrium, and high Cs selectivity of clino- 
‘ilolite are apparent from the data presented. 


INTRODUCTION 


A study was initiated in the fall of 1958 to examine the Cs selectivity 
f several natural and synthetic zeolites when utilized in cation exchange 
dlumns. A zeolite was sought that would selectively remove Cs from 
lutions containing large concentrations of competing cations. The zeo- 
tes tested included apophyllite, heulandite, brewsterite, stilbite, 
lumontite, chabazite, mesolite, gonnardite, thomsonite, datolite, and 
inde Type A zeolites. Of these zeolites, clinoptilolite proved to be the 
1ost promising, and the cation exchange data pertaining to the kinetics 
f its Cs selectivity are presented herein. 

The literature on clinoptilolite, including a chemical analysis, is given 
Isewhere (1). Mumpton has worked on clinoptilolite since (4), and Def- 
eyes (3) reported two more occurrences of clinoptilolite associated with 
rionite. Clinoptilolite, as reported in the literature, appears to be a rather 
ommon weathering product of acidic tuffs throughout the western 
Inited States. 


MertHops OF INVESTIGATION 


Mine-run, Na-based clinoptilolite from the Hector, California leases 

f the Baroid Division of the National Lead Company, was utilized in 
his study. This clinoptilolite is contained in an altered tuff with about 
5 per cent quartz, feldspar, and unaltered glass. 
The influent solutions were passed through standard Pyrex glass col- 
mns containing clinoptilolite as shown in Fig. 1. Temperatures were 
1aintained with blade heaters controlled by a thermoswitch. A Lapp 
Microflo” pump was used to deliver standard flow rates through the 
olumns. Influent and effluent solutions were collected and submitted to 
he Analytical Laboratory of the Hanford Laboratories Operation for 
idioanalysis. 


* This work was performed under Atomic Energy Commission Contract No. W-31-109, 
ng.-52. 
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Fic. 1. Constant temperature apparatus. 


The high-purity spikes used in this study were obtained from Oak 
Ridge. The chemicals used were of reagent grade in distilled water solu- 
tions. 

Column throughput, when plotted vs. C/Co (Co= initial radioisotope 
concentration, C=final radioisotope concentration), resulted in the 
familiar S-shaped breakthrough curve (7) illustrated in Fig. 2. This $ 
shaped breakthrough curve may be “‘straightened out” to allow more ac- 
curate extrapolations (2). This is accomplished by plotting erf C/Co vs. 
linear column throughput in the case of the symmetrical S-shaped curve 
(normal distribution), or erf C/Co vs. log column throughput in the case 
of the asymmetrical S-curve (skewed distribution) (2, 6). 

The S-shaped breakthrough curve of Fig. 2, straightened in the above 
manner, is shown in Fig. 4 (1N Alt’). Note that data for only a portion 
of the curve are necessary to obtain the whole curve by a simple extrap- 
olation. 

The Cs capacity in all cases was determined at C/Co=0.5 as shown by 
the dashed line in Fig. 2, and this value was used for Cs capacity com- 
parisons (7). This method for capacity determinations is not strictly 
valid with asymmetrical breakthrough curves, but a close approximation 
of capacity can be obtained. 


The “column volumes’’ 


used herein represent the void spaces plus 
clinoptilolite volume occupied by 50 g. of clinoptilolite, and is 63 ml. in 


all cases. The dimensions of this volume are 1.9 cm. diameter by 22 cm. 
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Fic. 2. Cesium Breakthrough Curve with Competing 1V Al*. 


Influent solution—1N Alt, 0.01N Cst, 1.74X10-8N Cs'87 


Temperature DSN Ce 

Influent pH 1.2 

Flow rate 294 ml/cm?/hr. 

Column 50g, 0.25-1.0 mm, Na-based clinoptilolite. 


ong. Column volumes were measured as 63 ml. increments of effluent 
olution. 
RESULTS 


Table 1 shows a particle size distribution of the 0.25 to 1.0 mm. clino- 


stilolite used in this study. All size ranges in Table 1 were found toaverage 


TABLE 1. PARTICLE SIZE DISTRIBUTION OF THE CLINOPTILOLITE 
UsrEp IN Tuts STUDY 


Sample 1 Sample 2 
Size range, mm. 
Weight per cent Weight per cent 
> 1.000 13: 2 
0. 840-1 .000 180 13.8 
0.590-0.840 27.0 25.2 
0.420-0.590 23.4 ATS) 
0.297-0.430 19.7 PALO) 
0.250-0.297 9.3 i 3) 
0. 210-0.250 2.8 Boe) 
<0.210 | oa 15) 
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14 m.?/g. in surface area. The grains of clinoptilolite are set in a porous} 
matrix that yields the same surface area for several gross grain sizes. Fig- 
ure 3 shows the relationship between clinoptilolite grain size and Cs ca- 
pacity. Above 1.0 mm. in size, Cs capacity diminishes rapidly. Below 1.0 
mm., the Cs capacity is constant (at the C/Co=0.5 point of measure- 
ment) with only the slope of the breakthrough curve changing. 

Figure 4 gives data from which the variation of clinoptilolite Cs ca-| 
pacity with Cs concentration may be computed at C/Co=0.5. A column | 
of N*-based Dowex 50WX12 with the same 0.01N Cs* influent gave a 
Cs capacity of 233 meq./100 gat pH 7.0, compared to 133 meq./100 g for | 
clinoptilolite. In a 1.0.V Nat solution however, the Cs capacity of the 
Dowex is essentially zero, while the corresponding Cs capacity for | 
clinoptilolite is 73 meq./100 g. Common experimental conditions are. 
listed under each figure. 

Figure 5 shows the clinoptilolite Cs capacity data for Cs competing 
with 1N solutions of Fet’ and Al*?. | 


20-4.0mm, _ 
8.1 meq Cs/100g 
| 


LOL 2-Olmimer 
60 meq Cs/100g 


0.01 


0.15-0.25mm 
73 meq Cs/IO00g 


0.001 


0.000! 
| 10 100 


COLUMN VOLUMES 
Fic. 3. Variation of Hector clinoptilolite Cs capacity with clinoptilolite grain size range. 


Common influent solution—1N Nat, 0.01N Cst, 1.741078 N Cs}87 
Common temperature DSC. 

Common flow rate 410 ml/cm?2/hr 

Common columns 50g, Na-based clinoptilolite 
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Fic. 4 (left). The Variation of Clinoptilolite Cs Capacity with Cs Concentration. 


Common influent solution—Cs* concentration as indicated, 1.74 10-8 Cs}3", 


Common temperature DS 

Common influent pH 5.0 

Common flow rate 294 ml/cm?/hr. 

Common column 50g, 0.25-1.0 mm, Na-based clinoptilolite. 


Fic. 5 (right). The effect of Al and Fe on the Cs capacity of clinoptilolite. 


Common influent solution—1N Fe*? and Al* as indicated, 0.01N Cs’, 
1.74<10-8N Cs". 


Common temperature AAC. 

Common influent pH ie 

Common flow rate 294 ml/cm?/hr. 

Common column 50g, 0.25-1.0 mm, Na-based clinoptilolite. 


Figure 6 gives the same information for 1. solutions of the alkaline 
earth metals in the presence of the same concentration of Cs, and Fig. 7 
for the alkali metals. Note that the experimental conditions for obtaining 
the data in Figs. 5, 6 and 7 are comparable except for competing cations. 

Figure 8 shows the Cs breakthrough data at 25° C. and 60° C. for 0.5.V 
Nat, 1N Nat, and 3N Nat solutions, and 25° C. for 6N Nat solutions, 
all containing the same concentration of Cs. Note that the only appreci- 
able temperature effect is with 0.5 Na* and 1N Nat solutions. 

Table 2 shows the effects on clinoptilolite Cs capacity of flow rate, 
influent pH, and temperature with a given Cs concentration. 

Note that with the exception of temperature, the effects of these ex- 
perimental variations over the range studied was slight. Clinoptilolite 
proved to be considerably more acid-resistant than the other zeolites, as 
previously reported by Mumpton (4). 

Figure 9 shows the effect on clinoptilolite Cs capacity of a 1.V Na* solu- 
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tion and varying Cs concentrations. These data are comparable to thos 
of Fig. 4 without 1V Naf. | 

Figure 10 is the data for clinoptilolite Sr capacity from a 0.01V Sr 
solution. This Sr capacity was one-third that of the Cs capacity ob-} 
tained under comparable conditions, or 45 meq./100 g., a consequence of} 
the marked Cs selectivity of clinoptilolite. The Sr capacity of pelletized 
Linde Type 4A synthetic zeolite under comparable experimental condi-} 
tions was 24 meq./100 g. 
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Fic. 6 (left). The effect of the alkaline earth metals on the Cs capacity of clinoptilolite 


Common influent solution—1NV Ba*?, Sr, Cat?, and Mg” as indicated, 


0.01N Cst, 1.74X10-8N Cs, 


Common temperature My (Cy 

Common influent pH 3.0 

Common flow rate 294 ml/cm?/hr. 

Common column 50 g, 0.25-1.0 mm, Na-based clinoptilolite 


Fic. 7 (right). The effect of the alkali metals on the Cs capacity of clinoptilolite. 


Common influent solution—1N Rb*, Kt, Nat, and Lit as indicated, 
O.01N Cs 1.74K10-8N C87, 


Common temperature 25° C., or as indicated 
Common influent pH 3.0 
Common flow rate 294 ml/cm?/hr 


Common column 50g, 0.25-1.0 mm, Na-based clinoptilolite 
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TaBLe 2. Errect ON CLINOPTILOLITE Cs Capacity oF FLow Rate, INFLUENT 
PH, AND TEMPERATURE VARIATIONS. ALL INFLUENT SOLUTIONS 
CONTAINED 0.01 N Cs*, 1.74 107-8N Cs!87, 1 Nat 


Columns=50 g., 0.25-1.0 mm., Na-based clinoptilolite 
iniaect oH pe neuaties Flow ee Cs capa 4/100 
&: ml./cm.2/hr. Eaton C/Cp—055 
12 25 294 TSAO 
3} 60 294 52.6 
3 60 850 53.8 
1.0 25 850 ile, 
fA) 25 294 72.0 
7.4 60 850 53.0 
2 25 294 TLS 
10.9 60 294 21) 2 
Halas 60 850 50.6 
DISCUSSION 


Figure 11 summarizes the clinoptilolite Cs capacity data from Figs. 5, 6 
und 7. Two, and probably three, replacement series are evident, consist- 
ng of the cations of the alkali metals, the alkaline earth metals, and tri- 
valent Al and Fe. With a given series, the more closely a cation ap- 
yroaches Cs in size, the more selective clinoptilolite becomes for that 
sation. The order of magnitude of Cs selectivity is shown by the fact 
hat the concentration of competing cations in Figure 11 is 100 times 
yreater than that of the Cs. 

It is evident, from the development of three replacement series, that 
ize alone is not the only deciding factor. Cation charge is also important. 
rhe intermediate position of NH,* between the alkali metal and alkaline 
arth metal series indicated that the electronic structure of elemental cat- 
ons or the bond type of compound cations also had an effect on its place 
na replacement series. Temperature had an appreciable effect only with 
Nat, and the use of a competing cation as the chloride, nitrate and sul- 
ate made no appreciable difference in its effect on Cs capacity. 

The placement of a given cation in a series, then, is determined by the 
complex relationships between cation size, cation charge, electronic struc- 
ure and sometimes temperature. 

Table 3 brings out the relationship between Cs capacity, Na concen- 
ration, and temperature. Note that the depression of Cs capacity was 
he same with 0.5N Nat and 1.0N Nat from 25° C. to 60° C., while with 
.0.V Nat the depression of Cs capacity is negligible at 60° C. 
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Itc. 8. The effect of temperature and Na concentration on the Cs capacity of clinoptilo- 
lite. 


Common influent solution—Na concentration as indicated, 0.01N Cs*, 


1.74 1058N Cs87 


Temperature as indicated 
Common influent pH 3.0 
Common flow rate 294 ml/cm?/hr 


Common column 50g, 0.25-1.0 mm, Na-based clinoptilolite 
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Fic. 9 (left). The effect on clinoptilolite Cs capacity of varying Cs concentration in the 
presence of 1N Nat. 


Common influent solution—Na and Cs as indicated, 0.01N Cst, 
<M y ESee 


Common temperature BSC 

Common influent pH 3.0 

Common flow rate 294 ml/cm?/hr 

Common column 50g, 0.25-1.0 mm, Na-based clinoptilolite 


Fic. 10 (right). Chinoptilolite Sr breakthrough curve. 
Influent solution—0.01N Sr*?, 9X10-°N Sr°° 


Temperature 25 C 

Influent pH 5.0 

Flow rate 294 ml/cm?/hr 

Column 50g, 0.25-1.0 mm, Na-based clinoptilolite. 


TABLE 3. THE EFFECT OF TEMPERATURE ON CLINOPTILOLITE Cs CAPACITY IN THE PRES- 
ENCE OF Na. THESE DATA ARE FROM FIGURE 7 


All solutions contained 0.01N Cst, 1.74 107-8N Cs!87, Na concentrations as indicated, 
pH=3.0, flow rate 294 ml./cm?./hr., 50 g., 0.25-1.0 mm., Na-based clinoptilolite 


Nat, N Temperature, ° C. to C/Co=0.5 


Cs capacity, meq./100 g. 
25 101 
60 78 
25 73 
60 55 
25 35 
60 34 
25 29 
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Fic. 11. The effect of competing cations on the Cs capacity of clinoptilolite. The point 

for Cs* at 0 Cs capacity is theoretically correct because Cs cannot compete with itself. 
Common influent solutions—1 Normal competing cations as indicated, 


0.01N Cst, 1.74X10-8N Cs}87 


Common temperatures 25° C. unless otherwise indicated 

Common influent pH. 3.0 in all cases except 1.2 for Alt’ and Fe* 
Common flow rate 294 ml/cm?2/hr 

Common column 50g, 0.25-1.0 mm, Na-based clinoptilolite 


The reason for this temperature effect is unknown. However, the size 
of Na+ H20 simulates that of Cs. It is possible that some geometrical 
arrangement between the Na and water is required within the clinoptilo- 
lite crystal structure to effectively simulate Cs. This arrangement may 
be facilitated by increasing temperatures if the solution is less than 3 
Nat. Consequently, the arrangement is facilitated to the same degree 
with the same rise in temperature. 

The negligible effect of increasing flow rate over the range studied 
showed that equilibrium between cations in solution and clinoptilolite 
was reached very rapidly. 

Adsorption of any cation by a cation exchanger is a function of the 
concentration of that cation in the system (7). This mass action relation- 
ship is linear when plotted as in Fig. 12. One may obtain the slope of these 
“curves,” which is 0.142 in the case of ‘‘no Nat” and 0.222 in the case of 
“1.V Nat. Assuming no changes in the slopes of these curves at 107 
N Cs*, the Cs capacity with no Nat is 11 meq./100 g. clinoptilolite and 
with 1N Nat, 2 meq./100 g. clinoptilolite. Hence, even at tracer con- 
centrations of Cs!¥7, the Cs capacity of clinoptilolite remains high. One 
hundred grams of clinoptilolite with an influent Cs concentration of 
10-° N and 1N Nat will require a throughput of 210-*/1«10" 
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Fic. 12 (left) Fig. 12. A log plot of clinoptilolite Cs capacity vs. Cs concentration in the 
absence and presence of 1N Nar. 


Common influent solution—Na concentration as indicated, 0.01N Cs*, 
1.74 X1058N Cs'87 


Common temperature DS. 

Common influent pH 3.0 

Common flow rate 294 ml/cm?/hr 

Common column 50g, 0.25-1.0 mm, Na-based clinoptilolite 


Fic. 13 (right). The effect of Na concentration on clinoptilolite Cs capacity. 


Common influent solution—Na concentration as indicated, 0.01N Cs‘, 
17a X< 10z8N (Csist 


Common influent pH 3.0 

Common temperature MSEC 

Common flow rate 294 ml/cm?/hr 

Common column 50g, 0.25-1.0 mm, Na-based clinoptilolite 


=2> 108 liters to C/Cy=0.5 at 25° C. This large volume of throughput 
is required to reach C/Cy=0.5 even though the Na/Cs ratio is 10°. 

Figure 13 summarizes the data concerning the effect of Na concentra- 
tion on clinoptilolite Cs capacity. Approximately nine equivalents of Nat 
are soluble in distilled water at 25° C. as nitrate. The effect on Cs ca- 
pacity of increasing Na concentration to greater than 3 is small. This 
decreasing effect is due chiefly to the decreasing Nat activity of the in- 
creasing NaNO; concentrations. 

Clinoptilolite, on the basis of its cation exchange properties, can be con- 
sidered a separate zeolite species. The cation exchange properties of 
heulandite and clinoptilolite are quite dissimilar. 

The unusual cation sieve properties of clinoptilolite emphasize the fact 
that the zeolites have many specialized uses, and have perhaps been 
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neglected as exchange materials since the advent of the high-capacity,, 
organic exchangers. 
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ISOMORPHISM AND CRYSTALLINE SOLUBILITY IN 
THE GARNET FAMILY* 


A. L. GENTILE AND Rustum Roy, The Pennsylvania State University, 
Umiversity Park, Pa. 


ABSTRACT 


Several dozen compositions have been reacted “dry”? and under high water pressures 
in order to determine the extent, and explain the reason for, the solubility among the 
three garnet groups: ugrandite, pyralspite and the rare earth garnets. 

Ionic radius is shown to be the dominant variable, although a charge correction must 
be applied to the ions of different charges. At low pressure very little binary solubility is 
found between representatives of the pyralspite and ugrandite groups. However, complete 
crystalline miscibility exists between the rare earth garnets and each of the natural garnet 
groups. Moreover, 3CdO- Al,O;-3SiO2 also forms a garnet structure completely miscible 
with both spessartite and uvarovite. Very little Fe*t was admitted into the 12CaO-7AbLOs 
garnet, and attempt at substitution of substantial amounts of OH~ and F~ in most garnets 

-was unsuccessful. 


INTRODUCTION 


The garnet mineral family stands as one of the two most important 
silicate families based on a structure containing independent SiO, tetra- 
hedra. To mineralogists the garnets have provided a fruitful field for the 
investigation of the influence of ionic substitution on properties. More- 
over, with ions in the four, six and eight-fold coordinated positions this 
structure provides an excellent model for crystal chemical studies. The 
existence in nature of two essentially separate groups of garnets, the so- 
called pyralspite and ugrandite groups, has called for an explanation. 
In petrology the presence of various garnets has been used as a p-/ indi- 
cator and experimental data on the actual conditions necessary for 
their formation have always been desired. However, the impetus for 
nearly all the recent synthesis work in garnets came from the discovery 
by Bertaut, ed al. (1957) of ferrimagnetism in the Fe:O3-rare-earth com- 
pounds with the garnet structure. 

The problem of immediate concern is the nature and extent of crystal- 
line solubility among different garnet ‘‘groups.’”’ Thus, one may inquire 
whether or not it is conclusively established that there is no solubility be- 
tween the pyralspite and ugrandite groups. Actually there is no reliable 
experimental evidence on this point, neither at high pressures nor even 
at low pressures. What is the controlling variable which controls mutual 
intersolubility here? Likewise does the rare earth garnet group dissolve 
either or both of these former groups? What factors limit the ions which 


* Contribution No. 59-18, The College of Mineral Industries, The Pennsylvania State 
University, University Park, Pennsylvania. 
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can be admitted into the rare earth garnets? Is there any anion solubility} 
What other types of crystalline solubility are possible? Thus Keith and 
Roy (1954) who first described the preparation of the rare earth ferrites 
with a garnet structure postulated the existence of solid solution leading 
to a structure of the type formula: Y3Y™YAI‘T(AlO,)3; equivalent tq 
VY AIO;; while even earlier Yoder and Keith (1951) had shown continuous 
solubility from spessartite to Y;Al,Op. 
A study of the crystalline solubility in the rare earth garnets woulc 
also indicate the directions in which the magnetic properties can b 
varied by introduction of either diamagnetic or paramagnetic ions in th 


desired coordination. 


EXPERIMENTAL PROCEDURE | 

Samples were prepared mostly as powders by the grinding and mixing 
in alcohol of stoichiometric proportions of the oxide, nitrate, or car- 
bonate of the cation with silicic acid. Germanium oxide (GeO) was used 
in all cases for the Ge** substitutions. The samples were then dried and 
placed in platinum crucibles. They were heated at 750° C. in most cases 
for at least four hours. This temperature varied somewhat with the ma- 
terials used since it had to be high enough to effect decomposition of the 
compounds used without causing any volatilization. After this heating. 
the samples were re-ground and re-mixed either in an agate mortar and 
pestle or in a Wig-l-bug type mixer. 

Some samples were prepared as gels by dissolving the required amount: 
of the element nitrate in distilled water, adding colloidal silica (as am- 
monium-stabilized “Ludox’’) and heating on a steam bath until a gel-like 
solid is formed. The gel is then heated overnight at 750° C., and then re 
ground and mixed. Chemicals used in the preparation of samples were o} 
reagent grade except for the rare earth compounds which were at least 96 
per cent pure, and in many cases 99.9 per cent pure. (Manufacturer’s 
analysis is found to be fairly reliable by «-ray fluorescence.) 

The “dry” runs were made mostly by suspending a platinum foil en- 
velope containing the sample in a kanthal-wound or platinum-wouné 
furnace. Some runs were made in sealed gold or platinum tubes, espe 
cially where losses of one of the components due to volatilization wa: 
previously noted. For the hydrothermal runs, the samples were placed ir 
gold foil envelopes or in sealed gold tubes which, in turn, were placed in ¢ 
“test-tube” bomb and heated in a kanthal-wound furnace. In those case: 
where water was desired as a component, only gold foil envelopes wer 
used and temperatures were held at approximately 250° C. Uniaxial high 
pressure devices were used for runs involving pressures of 20,000 to 50,006 
atmospheres. 
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All experimental work was carried on in a sub-solidus temperature 
range. The optimum temperature for reaction was determined empiri- 
cally in most cases. All runs were made for a period of at least 20 hours. 
Increased time increased the crystallinity of the final product in most 
cases. After completion of the run, the samples were examined by powder 
diffraction methods using a Norelco wide-range diffractometer. Scanning 
was at arate of two degrees (2) per minute. The petrographic microscope 
was used in some cases to determine the presence of more than one phase. 
Unit cell measurements were derived from diffractometer patterns run at 
¥° (20) per minute. 

Each composition was reacted under the chosen set of conditions and 
examined petrographically and by «-ray diffraction for the phases pres- 
ent. Some 300 runs were made. Where the product was essentially mono- 
phasic, it was presumed that the total original composition was in that 
- phase: care was exercised in the case of GeO: or of fluorides in using this 
argument only if sealed tubes had been used. If the product showed two 
garnet phases the system was presumed to be binary and the composi- 
tion assumed to be on the join. Arguments for slight changes in stoichi- 
ometry are not advanced since no special attempt was made to determine 
the presence of very small amounts of additional phases. The only data 
listed (see Table I) are the cell dimensions of some of the garnets pre- 
pared. 


RESULTS AND DISCUSSION 
I. ISOMORPHISM 


Substitutions in garnet structures were attempted in the eight, six 
and four coordination positions. Coupled substitutions in two, three and 
all four positions (including the anion) were also tried. 


Substitution in the Eight Coordinated Position 


In the formula 3XO-AlO3:3SiO2, which may be regarded as the type 
formula, the following ions were introduced for X: Mg, Ni, Mn, Cd, Ca, 
Sr, Ba. In the past only the manganese garnet has been formed at atmos- 
pheric pressure. It was found that a Cd-garnet could also be synthesized 
easily ‘dry.’ At elevated pressures the Mg-garnet pyrope was synthesized 
first by Coes and details of the synthesis of the anhydrous Ca-garnet, 
grossularite, are given by Roy and Roy, 1957. Outside of these none of 
the others yielded garnets. Quite clearly calcium was near the upper end 
of the “structure field”? and Sr?+ was too large. However, a 3CdO- Fe203 
-3Si0. composition did not form a garnet structure at atmospheric 
pressure. 
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TaBiE I. DATA ON PREPARATION AND Unit CELLS OF SOME SYNTHETIC GARNETS | 


<a s = = = f 


Conditions of formation } 


‘ Starting Unit cell ao 
Garnet synthesized eo p (A) 
materials TC. thes) ! 
(atm.) 
3CdO- AlsO3-3SiO2 Cd(NO3)2:4H20 880 1 70 11S 2 et ORO2 


Al(NO3)3-9H2O 
Silicic Acid 


3MnO- AlsO3-3SiO2 MnCOQ; 1100 1 21 11.64 +0.01 
Al(NO3)3:9H2O 
Silicic Acid 


3CaO-CrO3: 3Si0» CaCO; 1200 1 24 1 
Cr(NOs)3 4 9HLO 
Silicic Acid 


—_ 


.974+0.003! | 


3MnO- AhkOs:3GeOx MnCO; 1200 1 24 11.91 +0.01 
AI(NOs)3:9H2O 
GeOs 

3Y203:5A]0; Y203 1200 1 36 1I2EOT SEE ORO22 


Al(NO3)3:9H2O 


3Gd203:5A1],03 Gd(NO3)3-6H2O0 1200 1 36 WANA se(0) (0) 
Al(NOs)3° 9H,O 


3CaO- Fe.03:3GeO» CaCO; 1000 1 82 12.34 +0.01 
FeO; 
GeO» 


3Gd203: 5 Fe2O; Gd(NO3;)3-6H2O 1200 1 24 12.44 +0.01 
FeO; 


' Crystal Data, Ed. EKonnay and Nowacki. 
> Keith and Roy (1954). 


Substitutions in the Octahedral Site Alone 


In the type formula 3CaO- X20 3:3Si0O2 the number of ions likely to 
enter the X position is small, Al, Cr, Fe, Ga are the obvious choices. All 
these have been successfully introduced. However, only CreO3, which 
never appears in four coordination forms the garnet uvarovite at at- 
mospheric pressure (Hummel, 1950). 


Substitutions in the Tetrahedral Site Alone 


Only one tetravalent ion can possibly substitute for Sit and these Get 
substitutions enhance the case of formation of many garnets at atmos- 
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pheric pressure as was first shown by Tauber, Banks, and Kedesdy 
(1958). Both the germanium analogue (3MnO- AlyO3:3GeQ.) of spes- 
sartite (which can be prepared at atmospheric pressure) and the ger- 
manium analogue (3CaO- Fe,O3-3GeO2) of andradite (which cannot be 
so made) were easily prepared. It was fully expected that 3MgO- AloO; 
-3GeO3 would yield a garnet at atmospheric or low pressures. However, 
not even at 40,000 atmospheres and 500° C. could we get a garnet, 
showing that the requirement for pressure in pyrope synthesis to put Mg 
in eight and Al in six coordination is unaffected by the size of the tetra- 
hedral cation. The failure to synthesize a Ge-grossularite 3CaO- Al,Os 
-3GeOz is ascribed to too large a total of ionic sizes. 


VITI-IV Coupled Substitutions 


This is the main substitution yielding the rare earth garnet. In the 
- type formula 3CaO: Fe.O3: 35102 the trivalent ions from Nd to Lu can be 
combined in the Ca position with Fe** in the Si position. All the Fe** can 
be replaced in most cases by Al or Ga but never by Cr*+. Nothing new 
was added in this study to the extensive work by Bertaut and his co- 
workers and the Bell Telephone Laboratories group. 

Attempts to leave the rare earth ion and the sixfold Fe** in the mag- 
netic garnet structure and replace the tetrahedral iron only gave nega- 
tive results in the following cases: 

3Y.0;3-2Fe,0;-3B20; 
3Gd203-2F e,0;-3B203 


Al.O3 will of course replace Fe2O3 in these garnets but it can be distrib- 
uted over both four and six coordination sites. The BO; which can only 
accept four-fold sites does not seem to substitute easily nor does Cr** 
(which will only accept six fold sites) in 3Gd.O3-2CrmO3-3FeOs, although 
this latter phase will definitely enter partially into solid solution with 
other garnet phases such as 3CaO- Fe.03:3GeO, (vide infra). 


VITI-VI-IV Substitutions 


One entirely different group of garnets based on the ‘'12CaO-7AhO;’* 
structure was considered. This compound is known to have the garnet 
structure presumably with all the eight-fold sites occupied by Ca, the 
four fold by Al and the six fold by both. This composition must of course 
be ‘‘defective”’ in some way, or conceivably the exact formula may be 
more complex, but this need not concern us here. Attempts were made to 
introduce Fe*+ for Al*+ in the hope that ferrimagnetic phases could be 
made. At thecompositions 12CaO- (6Al- 1Fe)2O3;and12Ca0- (4Al-3Fe)203 


* The composition of this compound has earlier been given as SCaO-3Al,03. For a dis- 
cussion of the structure see Biissem and Eitel (1936); Majumdar and R. Roy (1956). 
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strongly magnetic mixtures of phases were obtained. However, a careful) 
study showed that the garnet phase was not affected and took in very) 
little Fe*+ in solid solution and that the magnetic phase was the dicalcium| 
ferrite solid solution 2CaQO- (FeAl)2Os. 
The following combinations which would have made available a wide 

range of ions for substitution were all unsuccessful: 

(4CaO: Gd2O3) -2Nb205-3F e203 

2Na20- Gd20;:2Nb205: Fe203- 45102 

4ThO:: Gd20;-4NiO -3F e203 
Likewise in 3Y203:2Niz03:3Ni2O3 which was run up to 700° C. at 200 
atmospheres of oxygen the nickel could not be maintained in the trivalent. 
oxidation state and no garnet was formed. | 


Coupled Substitutions Involving the Anions 

A garnet structure is known for the phases: 3CaO-AlkO3:3Si02 anc 
3CaO- AlyO3-6H2O, in which one may regard the 3Si*t ions+12(0?-) ions 
as being replaced by three vacancies+12(OH~) ions. Furthermore, a 
virtually complete though probably metastable series of solid solutions 
exists between the two end members. Thus it was reasoned that Fe** ions 
could be substituted in these phases and that similar anion substitutions 
could be made in other garnets. 

By hydrothermal reaction at 250° C. or lower no definite garnet 
phase could be obtained from the 3CaO- Fe,.0;-6H2O composition, but 
the temperatures used are probably above the maximum stability of 
this phase. The composition Gd3Al;Oy2. was run at various low tempera- 
tures and pressures in the hope that a hydroxyl garnet might form and 
throw the excess Al** out as a hydroxide. This did not happen. Partial 
solid solution was obtained successfully along the join 3CaQO- Al,Os 
-3Si02—CasFe,(OH)2. No fluoride substitutions were successful al- 
though such oxyfluoride phases may have been easier to grow as single 
crystals. The following were tried both at atmospheric pressure and up to 
4000 atmospheres in sealed gold tubes: 

3NaF- Al,O3:3Si02 
3NaF: Al,O3-3GeO2 
3CaO-3Cak2:2Fes0;-3Fe.0; 
3Nak - 3Cako:2Fe.03-3F e203 


II. CRYSTALLINE SOLUBILITY 
Two or three mixtures only were prepared in each system to be checked 
for the presence of solid (more accurately crystalline) solution. The 
dangers and limitations of such a penne study are obvious. In gen- 
eral, however, if the two mixtures at say } and 2 mole fraction across the 
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TABLE II. Typicat DATA ON PREPARATION AND UNIT CELLS OF 
SoME SOLID SOLUTIONS 


System 


Starting materials 


Conditions of 
formation 


IP tu 


ae (atm.) (hrs.) 


Unit cell (A) 


3CdO- Al:O3-3Si02 


3MnO y AlsOz 9 3Si02 
3CdO- AlsO3-3Si02 


3CaO + Cr.03-3SiO2 


3MnO : AlsO3 2 3Si0> 
3MnO c AlsO3 2 3GeOz 


3CaO- AlsO3-3Si02 
3Y203-5AL03 


3CaO: FeO: 3SiO2 
3CaO G Fe,03 . 3GeOr 


3CaO- CrO3-3Si02 
3Gd,03 2 5Fe.O3 


3CaO- FesO3-3GeO2 
3Gd.0; C 5 FeO; 


CaCO; 
Cd(NO3)2-4H2O 
Al(NO3)3:9H2O 
Silicic Acid 


MnCoO; 
Cd(NOs)2:4H2O 
AI(NOs)3-9H2O 
Silicic Acid 


CaCO; 
Al(NOs)3-9H20 
Silicic Acid 


MnCO; 
AI(NOs3)3:9H2O 
GeOs 

Silicic Acid 


CaCO; 

Y203 
Al(NOs3)3-9H2O 
Silicic Acid 


CaCO; 
Fe,O3 

GeO: 
Silicic Acid 


CaCO; 
Cr(NO3)3 ° 9H2O 
Gd2,O3 

Fe:O3 

Silicie Acid 


CaCO; 

Fe,O3; 

GeO: 
Gd(NOs)3-6H2O 


750 1000 66 


880 iL 70 


1200 eS 


1000-90 


1200 1 80 


1200 il ee? 


50% Cd=11.82+ .01 


50% Cd=11.79+ .01 


33% Ca=11.93+.01 


50% Ge=11.78+ .02 


50% Y=11.95+ .02 


50% Ge=12.23+ .02 


S07 Gd— 1222 een OF 


3307 Gd 12: 382-01 
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TaBLeE IT (Continued) 


Conditions of | 


formation : | 
System Starting materials Unit cell (A) | 
iN eanSP. t | 

US (atm.) (hrs.) 

; a ! 
3Gd,03-5Al03 Gd(NOs)3:6H2O 1200 1 324 Sy OSI Pal ae (0) 
3GdsO3-5F e203 Al(NOs)3:9H2O 50% Fe= 1D a0ae O1 

Fe.O3 
3Gd203:5F e203 Gd(NOs)3-6H2O 1200 ih Gy 33% Y.O3;=12.42+ .01 | 
3Y203- 5FesO3 Y(NOs)s- 4H.O 

Fe.03 | 
3CaO-: Fe2O3-3Si102 CaCOs 1200 lune 50% Gd=12" 202203 
3Gd:03- 5FesO3 GdsO3 

Fe.O3 


Silicic Acid 


3 Y.O3 . 5ALO3 
3 Y.O3 5 Fe,O; 


Y(NOs)3:4H2O 1200 i &X0) 
AI(NOs)3 2 9H2O 
Fe.,03 


50% Fe=12.22+ .04 


Ca;Al,(OH dro 
3CaO- Fe.O;:3Si02 


CaCO; 260 1000 72 
AI(NOs)3:9H2O 
Silicic Acid 


50% Fe=12.13+ .03 


binary system both give single phase garnets with spacings intermediate 
between the end members, the results are reported as complete solid 
solution. Naturally such a cursory examination is also limited with re- 
spect to the influence of pressure and temperature on solubility. Hence, 
in the following reports only the ‘“‘p” and “?” of preparation are reported, 
although no drastic changes in extent of solubility should be expected 
with a few hundred degrees rise in temperature or a few thousand atmos- 
pheres fall in pressure. 

The solid solubility results may be grouped into several logical divi- 
sions: 


1. Solubility Among Members of Ugrandite Group 


The complete mutual solubility of grossularite and andradite is thor- 
oughly established in natural minerals. The only pair studied here was 
the pair uvarovite-grossularite, in which within our crude precision com- 
plete solubility was found to exist. In addition, complete solubility was 
found in the system 3CaO-CrO;-3SiO,—3CaO- Fe,03:3GeO, demon- 
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strating the virtual certainty of complete solubility in the uvarovite- 
andradite (3CaO- Fe,O3-3SiOz) join. 


2. Solubility Among Members of the Pyralspite Group 


From natural analyses there is good evidence for complete solubility 
along the joins almandine-pyrope and spessartite-almandine. Attempts 
were made to study the third binary join spessartite-pyrope. Since 
spessartite can be made at atmospheric pressure, it was hoped that par- 
tial solid solutions towards the magnesium member would form even at 
atmospheric pressure. However, no evidence for appreciable solid solu- 
tion in the spessartite was obtained in runs from one to 40,000 atmos- 
pheres. Since a thorough study was not made of each system our failure 
to get solubility should not be taken as conclusive evidence of the ab- 
sence of such solubility, especially in view of the fact that in these runs 
no pyrope phase crystallized. 


3. Solubility Between Pyralspite and Ugrandite Groups 


In standard mineralogical text books (e.g. Winchell) there is usually 
shown about 20 per cent solubility of each group in the other. How- 
ever, in very few analyses of natural garnets do we encounter binary 
solid solution but instead very complex multicomponent situations. The 
following binary joins were chosen as both /ypzcal, and most likely to give 
the maximum solubility: 

3CaO-Cr203-3SiO2 — 3MnO- Al,O3-3SiO2 
3CaO- Al,0;-3Si02 — 3MnO- Al,0;-3SiO2 


Intuitively the latter case would be expected by most experienced crystal 
chemists to be almost certain to give extensive solid solution. Experi- 
mentally practically no solid solution was found in either system. 


4. Rare Earth Garnets—U grandite Solubility 


All three members of the ugrandite group were studied separately with 
one of the rare earth garnets: In all the following cases the evidence for 
complete solubility was clear (although andradite was not made at 
atmospheric pressure the } mole andradite member could be so made): 

3CaO- Al,03°3Si02 — 3Y203:5A1:03 
3CaO: Cr203:3Si02 — 3Gd203-5F e203 
3CaO- Fe203-3SiO2 — 3Gd203-5F e203 
3CaO-: Fe,03-3GeO2 — 3Gd203-5Fe.03 
This demonstrates that in some garnets not only are Al** and Si** com- 


pletely interchangeable (as shown first by Yoder and Keith, 1951) but 
likewise Fe®+ and Si‘t. It was to be expected that the Si‘t could also be 
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continuously replaced by Ge**; this was proved in the case 3CaO- Fe20s | 
- 3Si02—3CaO: Fe203-3GeOr. 


5. Rare Earth Garnets—Pyralspite Solubility 


Yoder and Keith (loc. cit.) have already established such solubility for | 
the pair: 3MnO- Al,Os- 3SiO2—3Y203-5Al03. Our attempt to study the | 
join 3FeO- Al,O;-3SiO2—3Y203-5Al,03 cannot be regarded as experi- | 
mentally successful enough to prove the absence or presence of solubility | 
in the system. Considerable difficulty was experienced in keeping the 
iron all divalent in the high pressure apparatus. 


6. Solubility Among Rare Earth Garnets 


It was expected of course that Al** and Fe*t will replace each other | 
easily, and likewise it was thought probable that Gd*+ and Y*+ would 
substitute completely for each other. In the systems: 

3Gd203-5Fe20; — 3Gd203-5A1203 
3Gd203:5le203 — 3Y¥203-5Fe20; 
3Y203:5A1203 — 3Y203-5F e203 


this expectation was experimentally demonstrated. 


7. Other Solubility Relations Showing the Dominance of the Ionic Radius 
Variable 


By and large the data bear out the principle that the size of the ions is 
the important variable in determining solubility. However, considerable 
interpretation of the data needs to be made in order to show this. 

Thus, it is easy enough to understand complete solubility of grossular- 
ite, uvarovite and andradite since octahedral Cr*+, Al*+ and Fe*#+ usually 
show such solubility at high temperatures. It is possible to explain the 
failure to obtain solubility between spessartite and pyrope by showing 
that the ionic radii (0.91 and 0.78) are different enough to prevent it. 
Likewise the failure to obtain a spessartite-grossularite solid solution 
may be laid to the differences in size of Mn?+ and Ca?+—especially in 
eight-coordination. In six-coordinated positions as in tephroite and 
rhodonite there is considerable solubility. 

Difficulties arise when we consider the case of solubility of the rare 
earth garnets with both the entire ugrandite group and at least spessart- 
ite of the other group. This can be brought into line if we apply a Paul- 
ing-type charge correction* to the radii of the rare earths, thus making 
them intermediate between Ca*t and Mn’, Fe?t, etc. rather than larger 

Ri 


* Ropu = rae 
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even than Ca*+. The Goldschmidt radii are of course given for the rare 
earth ions in the trivalent six-coordinated state, and the justification for 
applying the charge correction is purely empirical, 7.e. a trivalent ion 
occupying a site “normally” occupied by a divalent one appears to act 
as though it were smaller than usual. Without experimental data a case 
could be made for the opposite effect. 

Some final data lend additional weight to the importance of size. The 
only other divalent ion of size intermediate between Ca2+ and Mn?+ is 
Cd’* and 3CdO-Al,03;-3Si02 shows complete solubility with both 
3MnO- Al,O3-3Si02 and 3CaQO- Al,O3:3SiO2 type members of the pyral- 
spite and ugrandite groups. Again, although complete solid solution ex- 
isted between the Cd?* and Mn? virtually no solid solution could be de- 
tected of Mg?* in the Cd?" phase. 

The fact that the system 3CdO- AleO3-3Si02—3 Y203-5Fe.O3 showed 
considerable solid solution in each member but a distinct gap shows again 

that no generalization can escape exception. 
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NEW DATA ON THE HAFNIUM, ZIRCONIUM AND YTTRIUM | 
CONTENT OF THORTVEITITE | 


A. A. Levinson AND R. A. Borup, The Dow Chemical Company, | 
Freeport, Texas. | 


In another paper (this issue, page 562) we have described a high haf- 
nium zircon from Norway associated with the rare scandium mineral | 
thortveitite. Also, we have confirmed qualitatively that hafnium and | 
zirconium are present within the thortveitite structure. Since submitting | 
the results of our study on the unusual zircon we have had the oppor- | 
tunity to quantitatively analyze three thortveitite specimens for their 
hafnium, zirconium and yttrium contents. Two specimens were from | 
Norway and one was from Madagascar. The specimen from Madagascar 
was kindly loaned to us by the U. S. National Museum. | 

The Hf/Zr ratios of thortveitite are particularly interesting inasmuch | 
as thortveitite is the only mineral reported which may contain more 
hafnium than zirconium. The data compiled from the literature by 
Fleischer (1955, Table 8) show a considerable variation in the Hf/Zr 
ratios of thortveitite ranging from 0.29 to 1.9 in three Norwegian speci- 
mens and from 0.88 to 1.8 in three Madagascan specimens. These ratios 
are the only ones for thortveitite reported in the literature and all were 
obtained from the data in the early papers of Hevesy and/or associates 
in the period 1924-1928. From a historical point of view, we should note 
that Schetelig (1911, 1922) reported that zirconium was not detected in 
Norwegian thortveitite whereas Boulanger and Urbain (1922) reported 
7.4, 7.8 and 9.9 per cent ZrO, in Madagascan thortveitite; these papers 
predated the discovery of hafnium. After the work of Hevesy and associ- 
ates, Bjgrlykke (1934) verified the presence of both Hf and Zr in Nor- 
wegian thortveitite but the estimated intensities of his x-ray fluorescence 
lines connot be converted to weight per cent or weight ratio on the basis 
of the information supplied. The more recent analysis of thortveitite 
from Norway by Marble and Glass (1942) failed to uncover any zirco- 
nium although it was looked for specifically. 

The results of our analyses are presented in Table I. The Norwegian 
specimens are the same ones described in the paper on the high hafnium 
zircon (Levinson and Borup, 1960). Of special significance (see below) 
is the fact that the reddish-brown thortveitite is the host crystal of the 
high hafnium zircons. The Madagascan specimen (U.S.N.M. number 
94629) was found to give an «x-ray diffraction pattern identical to that of 
the Norwegian material and, as in the case of Norwegian, the strongest 
line of zircon as well as the two strongest lines of baddeleyite, could not 
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be detected on an exceptionally long exposure. As a check on our «-ray 
data, an emission spectrographic analysis revealed a Hf/Zr ratio of 1.1 
for the reddish-brown Norwegian crystal and 1.2 for the Madagascan 
specimen. These values are practically identical to those obtained by x- 
ray fluorescence. 

Our data confirm the results of Hevesy and/or associates (tabulated 
by Fleischer, 1955) in that hafnium may exceed zirconium in thortveitite. 
We also confirm that the ratio of Hf/Zr, as well as the weight per cent of 
hafnium and zirconium, are variable in thortveitite from Norway at 
least. In addition, an interesting geochemical-paragenetic relationship 
is revealed when we consider the ratio of Hf/Zr of the high hafnium zir- 
con from Norway reported by Levinson and Borup (1960) with that of 
the reddish-brown host thortveitite crystal. These are 


high hafnium zircon: Hf/Zr=0.6 (average of the two analyses) 
host thortveitite: Bt) Zr=.0) 


Paragenetically the zircon appears to have formed before the host thort- 
veitite and it has a significantly lower Hf/Zr ratio. A similar paragenetic 
sequence was noted by Schetelig (1922) and Bjgrlykke (1934) who report 
zircon (alvite) is paragenetically older than thortveitite in the Norwegian 
pegmatites. Although it has been well established that the Hf/Zr ratio 
is high in minerals of the pegmatite stage, the above tabulation reveals a 
clear-cut illustration of the increase in the Hf/Zr ratio with the younger 
paragenetic position within a pegmatite. 

The Madagascan thortveitite received from the U. S. National Mu- 
seum was labelled as the variety “‘befanamite.’’ The varietal name be- 


TABLE I. ANALYSIS OF THORTVEITITE 


Locality Description HiO, ZrO» Htf/Zr Y20; 
Tveland, Norway grayish-green 0.6 4 0.6 PD) 
Iveland, Norway reddish-brown Lod 1.9 1.0 4.4 
Befanamo, Madagascar U.S.N.M. 94629 1.4 1.4 fez 4.3 


X-ray fluorescence analysis in weight per cent. All values quantitative (+10% of 
the amount present). 


fanamite was proposed by Lacroix (1923) for the thortveitite from a 
pegmatite at Befanamo. Based on the analyses of Boulanger and Urbain 
(1922), befanamite had a zirconia content of 8.4 per cent (average of 3 
analyses) and only 0.3 to 1.0 per cent Y203. The low yttria and the high 
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zirconia content, in comparison with the type Norwegian nee, | 
justified the varietal name to Lacroix (1923). However, the work of | 
Hevesy and/or associates (Fleischer, 1955, Table 8) plus the results re-} 
ported in this paper show that hafnium and zirconium contents of thort-} 
veitite from both Madagascar and Norway are in the same order of mag- 
nitude even though quite variable. None are as high as those reported by) 
Boulanger and Urbain (1922). Table I also gives our determination of} 
Y.O3 of 4.3 per cent which is considerably higher than that reported for: 
the type befanamite. The only conclusion to be drawn from these obser- 
vations is that the thortveitite specimen from Befanamo, Madagascar 
we have studied does not have the characteristics for the varietal name 
befanamite. Perhaps a re-examination of the original type befanamite 
would be desirable. 

The yttria contents of the Norwegian thortveitites are also given in. 
Table I. Of the other rare-earth elements, our x-ray fluorescence study in- 
dicates the presence of Yb, Lu and probably Gd. No other rare-earths 
were detected, in part due to the complex spectra, but they may well be. 
present in trace amounts. However, the total of the rare-earth oxides ex 
clusive of Y2O; is probably not more than 1 per cent. This estimate also 
holds for the Madagascan specimen. Our figures for the rare-earth oxides 
are considerably below those previously reported for Norwegian thort- 
veitite. The literature indicated considerable variation in the early anal- 
yses (Schetelig, 1922) ranging from 8.89 to 17.7 per cent total yttria and 
rare-earth oxides. Marble and Glass (1942) report 11.0 per cent yttria and 
rare-earth oxides, whereas the most recent analysis by Vickery (1955) us- 
ing ion exchange methods yielded 12.1 per cent. The information pre- 
sented in Table I, plus that which is available in the literature, indicates 
considerable variation in the rare-earth (including yttrium) content of 
Norwegian thortveitite. It should be noted, however, that recent papers 
reported in the chemical literature show that some of the early gravi- 
metric methods for the analysis of thortveitite are not entirely satisfac- 
tory (Vickery 1955, 1956), (Spedding, ef al., 1958). 

We wish to acknowledge with thanks the cooperation of Mr. E. P. 
Henderson of the Smithsonian Institution, United States National Mu- 
seum, Washington, D. C., in supplying the specimen of thortveitite from 
Madagascar. 
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A CASSITERITE PSEUDOMORPH AFTER QUARTZ FROM 
TORRINGTON, NEW SOUTH WALES 


L. J. LAwrENCE, School of Mining Engineering and Applied 
Geology, University of New South Wales, Kensington, Sydney. 


This short paper serves to record the occurrence of cassiterite pseudo- 
morphous after crystallized quartz from the Torrington tin mining dis- 
trict of north-eastern New South Wales. 

In Dana’s System of Mineralogy, Vol. 1, p. 579 (Palache et al., 1944) it 
is stated ‘‘The reported pseudomorphs of cassiterite after tourmaline and 
quartz appear to be without foundation.” This contention indeed ex- 
presses the general case, for, in order to have a quartz crystal pseudo- 
morphed by cassiterite, it is necessary that the precipitation of cassiterite 
follows after the development of vug quartz implicitly of hydrothermal 
origin. 

Such a succession of mineralogical events contravenes general experi- 
ence regarding cassiterite mineralization which is usually considered to be 
typically pneumatolytic. 

These contrary circumstances, however, prevailed in most of the hy- 
drothermal cassiterite veins of the Torrington district of New South 
Wales where epi-Permian granite has intruded a series of Permian sedi- 
ments and volcanics, and in a late, relatively low temperature, hydro- 
thermal stage of mineralization (Lawrence, 1957) has given rise to a series 
of shear fissure veins. 

One of these fissure veins known as the Dutchman Lode consists of a 
wall zone of quartz, containing in places, small vugs of crystals, followed 
by an inner zone of sericite-chlorite-quartz-cassiterite and lastly a central 
filling of crustified quartz. 

Pre-existing vein quartz was penetrated by a later generation of cas- 
siterite bearing fluids. Deposition of cassiterite and the associated chlo- 
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Fic. 1. Pseudomorph of cassiterite after quartz. Dutchman Lode, 
Torrington, N.S.W. 


rite-sericite-quartz was accomplished partly by fissure filling and partly by 
metasomatic replacement. In the vicinity of one small vug of earlier 
formed quartz, cassiterite has replaced the quartz. 

Figure 1 illustrates a quartz crystal about one inch long completely re- 
placed by fine-grained cassiterite. The pseudomorph no longer possesses 
the highly lustrous faces characteristic of the majority of the quartz 
crystals from the Dutchman Lode. In most places the replacement ma- 
terial is an aggregate of sericite, chlorite and cassiterite. This mineral 
composite can be seen at the left of Fig. 1, where it appears to be replacing 
the earlier lode quartz. 

The cassiterite pseudomorph clearly shows the characteristic striations 
(oscillatory combinations of [1011] and [1010]) of the original quartz 
crystal. X-ray diffraction measurements indicate pure cassiterite and an 
absence of quartz. 
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A SIMPLE CENTERING JIG AND GONIOMETER 
FOR PUNCHING OR DRILLING SPHERES 
FOR STRUCTURE MODELS 


DEANE K. Smitu, Portland Cement Association Fellowship, 
National Bureau of Standards, Washington 25, D.C. 


INTRODUCTION 


In most crystal or molecular structure models using spheres to repre- 
sent atoms,* the bond directions must be rather accurately located. Some 
crystal structures have atoms whose coordination polyhedra are regular. 
For these atoms the bond directions are easily located by punching or 
drilling jigs such as those described by Dore (1926), Evans (1948), 
Wooster (1945), and Gibb and Bassow (1957). The jigs of Wooster and of 
Evans allow 26 holes to be drilled along the symmetry axes of the cubic 
system and thus can be used to drill several different regular coordina- 
tions; however, a different jig is necessary for each size of sphere. 

For irregular coordinations, more elaborate devices are necessary to 
position the bond directions accurately. Several drilling goniometers de- 
scribed by Buerger (1935), Terpstra (1939), Haywood (1949), and Decker 
and Asp (1955) are based on a system using spherical coordinates to lo- 
cate the bond directions. These coordinates are rarely published. This 
paper describes a new goniometer which is versatile enough for use in 
drilling any irregular coordination yet requires only a knowledge of the 
bond angles. 


GENERAL DESCRIPTION 


Two devices are used in drilling the spheres in any desired coordina- 
tion. The centering jig is used to drill the first hole through the center of 
the sphere. Then the goniometer locates a second hole related to the fizst 
by a known bond angle. For all succeeding holes, the goniometer essen- 
tially guides the drill or punch along that radius of the sphere which 
makes the desired angles with two previously located radii. 


* A detailed review of structure model types is given in a separate article (Smith, 1960). 


718 NOTES AND NEWS 


Centering Jig 


The centering jig, shown in Fig. 1, may be constructed using metal or | 
cardboard supports and metal tubes for guides. The author has found | 
that a cardboard jig made of 1/16 inch thick poster board is strong | 
enough to be used asa drilling guide as well as a punching guide. Figure 2 | 
gives the dimensions of a jig suitable for balls up to 13 inch in diameter 
and for use with commercially available drills. If tubing of § inch inside | 
diameter is used for the guide tubes, bushings with 3/32 inch and 1/16 | 


Fic. 1. The centering jig showing the drilling operation. 
Numbers refer to parts in Fig. 2. 


inch inside diameters and ¢ inch outside diameters may be used to make 
the jig universal for $, 3/32, and 1/16-inch rods. The bushings not only 
provide for a variety of hole sizes, but also prevent wandering of the drill 
or punch and protect the guide tubes from wear. 

This jig may be used either for drilling holes in wood or punching holes 
in Styrofoam. To use it, the bushing is inserted in the lower guide and the 
ball is placed in the conical cavity. The upper bushing is pushed through 
the upper guide against the ball. To drill a wooden ball, the upper bush- 
ing is held against the ball by means of the finger, and the hole is drilled 
through the lower bushing using a small hand grinder motor and a drill of 
appropriate diameter. The depth of the drilled hole may be controlled by 
adjusting the length of the drill that protrudes from the chuck. 

Punches made from brass rod of appropriate diameter with one end 
pointed are used to punch holes in Styrofoam balls. The punch should be 
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Fic. 2. Working drawing of the centering jig. 
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Fic. 3. The goniometer jig showing the three principal angles. 
Numbers refer to parts in Fig. 4. 


fitted with a cap about { inch in diameter for the finger to push against. 
The punch is inserted through the upper bushing, passes through the ball, 
and enters the lower bushing. 

For the initial drilling of wooden spheres on a drill press, a simpler jig 
may be used. Any block with a right circular conical depression is 
clamped with the axis of the cone along the axis of the drill press. Balls 


with only small departures from sphericity will be reasonably centered by 
this method. 


Principle of the Goniometer 


After the first hole is drilled with the centering jig, the goniometer is 
used to drill holes along all other bond directions. This device is based on 
the three-circle goniometer (Fig. 3). One pair of drilling guides is attached 
to a fixed annular ring about which another annular ring with another 
pair of guides is free to move. A scale on the movable circle indicates the 
angle, a, of this rotation. A graduated semicircle is hinged on the movable 
circle and another drilling guide can be adjusted to the desired angle, 8, on 
this scale. The angle, y, through which the hinged semicircle is rotated 
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Fic. 4. Working drawing of the goniometer. 


cannot be set directly on the goniometer, but in use this angle is defined 


by previously drilled holes. 


Construction of the Goniometer 


Figure 4 is a working drawing of the components of a goniometer for 
drilling balls up to two inches in diameter. The positions of the section of 
tubing which act as the drilling guides are shown in the drawing, on the 
part to which they are permanently attached. Their inside diameter 
should be the same as the outside diameter of the rods to be used as 
“spokes” in the model, or, if desired, tubing of § inch inside diameter may 
be used with bushings as used for the centering jig. The pieces of rod used 
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as pins for holding the balls in place as shown in Fig. 3 are similar to thos¢ 
rods used for the centering jig. | 

The base and insert are most easily made from two annular rings 03 
brass which are soldered together. The movable circle is put in position or 
the base and the base guide tubes are soldered on the base only. Thesé¢ 
guide tubes may be kept aligned by slipping them over an aluminum roc 
and then clamping them in position. Stationery binder clips make good 
clamps. When this operation has been completed, the movable circle 
must rotate freely with respect to the base. | 

After the base is assembled, the hinge guides for the hinged semicircle 
are set in position. First, the two pieces of tubing are soldered on th 
movable circle, again using the aluminum rod for alignment. Then the 
four tubes are soldered on the hinged semicircle using the aluminum rod 
and the two tube segments on the movable circle as guides. Care must be 
taken to align the zero position of the hinged semicircle with the centet 
line of the hinge guide tubes. Finally, the hinged semicircle guide can be 
assembled by soldering the guide tube and Part A to opposite sides oe! 
Part B so that the vernier on Part B is visible through the hole in Part A. 
The goniometer is then ready for use. 

For Styrofoam spheres, a more suitable version may be constructed by 
using 1/16 inch poster cardboard for all pieces except the guides. 


Use of the Goniometer 


In using the goniometer to position holes along bond directions, the 
ball is put in the center of the goniometer with a pin through its center 
hole and the base guides of the jig. An insert disc, with a hole just large 
enough for the ball, is used to keep the ball centered on the base guide pin 
but just free to rotate. The first bond angle is measured on the movable 
circle, and the hole is drilled through the appropriate hinge guide. Ther 
the second bond angle is set on the movable circle and the third bonc 
angle is set on the hinged semicircle. The ball is rotated until the hole just 
drilled and the hinged semicircle guide are aligned, and a pin is passec 
through the semicircle guide into the ball. The third hole is then drille¢ 
through the hinge guide. This sequence of operations is repeated as many 
times as necessary, taking care each time that the three bond angles are 
measured in the correct order. For bond directions more than 120° from 
the original center hole, it is usually advisable to shift one of the close 
bond directions to the base guide position. 

The holes may be drilled using a hand hobby grinder motor and the ap 
propriate drill. The depth of the drilled hole is controlled by the length o 
the drill protruding from the chuck. The depth is best set at about } incl 
less than the radius of the ball. All the holes except the initial center hol 
will have the same depth, and the “spokes” may be cut uniformly 3 incl 
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“bonds.” 


Fic. 5. The modified electrician’s crimping tool for cutting 


shorter than the actual scaled length. If desired, even the center hole may 
be this fixed depth. However, a second shallow hole 180° away may still 
prove desirable to permit the added support of a second base guide pin. 
The same sequence of operations is used for punching Styrofoam 
spheres with the goniometer. The punch has less tendency to wander if it 
is rotated as it is pushed into the ball. The center hole must be pushed 
completely through the ball when using Styrofoam because the full sup- 
port of the base pin is necessary in the goniometer punching operations. 


Culling the Rods 


The bonding rods may be cut accurately and rapidly by an electrician’s 
crimping tool with threaded holes for shearing screws, modified as shown 
in Fig. 5. A hole of the same diameter as the rods is drilled through the 
pliers with their jaws open. A bracket, readily mounted in the threaded 
holes of the pliers, supports a scale as shown in Fig. 5. This scale, 
which reads directly in Angstroms, is shifted on the bracket to allow for 
the fact that the rods do not extend to the centers of the spheres. Rods 
cut with this device have square ends with no annoying burrs. 
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General Constructional Aids 


The most efficient procedure for constructing models with these devices 
is to drill all the balls for equivalent atoms at one time, remembering that 
in structures with inversion axes of symmetry one half of the atoms hag 
bond patterns which are a mirror image of the other half. If the first three 
holes drilled are systematically marked by spinning three different 
colored wax pencils in the holes, the orientation of each ball may be 
quickly ascertained when the model is being assembled later. 

Models made with wooden balls generally require no glue if the hole: 
are drilled slightly undersized, but Styrofoam, because of its snherall 
weakness, must be glued. The use of Styrofoam has been primarily re- 
stricted to packing models; but, if a polyvinyl emulsion glue is used, the 
open models also are strong enough to withstand moderate handling. For 
the strength of the model it is best to have each Styrofoam sphere sup 
ported by three or more non-coplanar rods. 


APPENDIX 


If the necessary data on bond angles are not available they may be calculated fron: 
the atomic coordinates. 
For triclinic structures the bond angle may be calculated using the following formula 


where V; and V2 are vectors from one atom to two adjacent atoms. 


Vi = (x1 — x)at (yi — y)b+ (a1 — ze 
= (xp — x)a + (y2 — y)b + (22 — z)c 
where x, y, 2} &1, Yi, 213 and Xs, ye, Zz are the atomic coordinates of the first atom and the 
other two respectively, and a, b, and c are the unit cell vectors. 
Vi: V2 = (x1 — x)(X2 — x)a® + (yi — y) (ye — y)b? + (a1 — 2) (a2 — z)c? 
+ [(x1 — x)(y2 — y) + (x2 — x) (y1 — y) Jab cos y 
+ [(x1 — x) (Zz — z) + (x2 — x)(z — z)Jac cos B 
+ [(y1 — y)(Z2 — z) + (y2 — y) (a — z)|be cos a, 
| V; | = [V1-Vi}!/? = [(x, — x)2a? + (yi — y)2B? 
+ (a1 — 2)?c? + 2(x1 — x)(yi — y)ab cos y 
+ 2(x1 — x)(z1 — z)ac cosB + 2(y1 — y)(z1 — z)be cos al!!2 
and 
| Ve] = [Vo-Wo]"/? = [(x2 — x)2a® + (ye — y)9B® + (ay — 2) 20? 
+ 2(x2 — x)(y2 — y)ab cos y 


+ 2(xX2 — x)(z2 — z)ac cosB + 2(y2 — y)(z2 — z)be cos al}!?, 


} 
} 
. 


1 
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Substituting these relations in the equation for cos @ gives the complete formula. For the 
monoclinic system with the } axis unique the formula is: 


Vi- Ve = (x1 — x) (x2 — x)a? + (yi — y) (yo — y)b? + (a1 — 2) (22 — 2)? 
+ [(x1 — x) (ze — z) + (x2 — x)(z1 — z)Jac cos, 
| Vil = [(x — x)2a? + (yi — y)?b? + (a1 — 2)2c? + 2(x1 — x) (zu — 2)ac cos B]!!?, 
and 
| Vol = [(x2 — x)2a? + (yo — y)?b? + (zo — 2)?c? + 2(x2 — x) (zo — zac cos B]!/, 
For the hexagonal system: 
Vi-V2 = [x1 — x) — x) + (yi — y) 2 — ye? + @i — 2) Ga — 2)? 
— 3l(x1 — x)(y2 — y) + (2 — x)(yi — y)]o?, 
[Vi] =[f@1—x)?+ Gi —y)?- (mi — XQ — y) Ja? + a — 2222, 


| and 


| Vo] = [{(x2 — x)? + (yo — y)? — (x2 — x) (v2 — y) Ja? + (ee — 2)%e?}"”. 


- For the orthorhombic system: 


(x1—x) (xe—x)a?+ (yi—y) (y2—y) b?+ (z1—2) (Z2—z) 0? 
[r= x)*a*+ (iy) 98+ (Za — 2) 2 [e020 (ay) OF (May)? 
For the tetragonal system: 

[(x1—x) (2x) +(yi-y) (Yo y) V+ Gi —2) @a—2) 
[{ (x1 —x)?-+ (yi y)?} + (21 —2) 207] { (K2— x)? (yoy)? a+ (Zaz) 7c")? 


For the cubic system: 


cos? = 


cos @ = 


(x1—x) (xe—x) + (yy) (y2—y) + (1-2) (22-2) 
r= x)?+ Gi—y)?+ 1-2) 7}! 7 a — x)? yey)" a— 2)? ]*? 


cos d= 
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DIMETHYL SULFOXIDE, A NEW DILUENT FOR METHYLENE | 
IODIDE HEAVY LIQUID* 


FRANK CuttitTA, RoBERT MEYROWITZ, AND Betsy LEVIN, 
U.S. Geological Survey, Washington 25, D.C. 


Dimethyl sulfoxide, (CHs)2SO, which has already been used as a dill 
uent for bromoform (Meyrowitz, Cuttitta, and Hickling, 1959) has beet 
tested and is recommended as a diluent for methylene iodide (diiodo 
methane). This diluent can be used in place of acetone or ethyl alcohol fo 
the preparation of heavy liquids where constancy of the specific gravity i 
needed in the separation of minerals or where specific gravity measure: 
ments are to be made. Dimethyl] sulfoxide-methylene iodide solutions arg 
superior to bromoform-methylene iodide solutions because of the eas 
with which methylene iodide can be recovered from the former solution: 
as compared to the latter solutions. The former solutions can be sepa: 
rated by mixing with large volumes of water; the latter solutions can be 
separated only by fractional distillation. The vapor pressure of dimethy 
sulfoxide is very close to that of methylene iodide (Table I). Therefore 
the changes in the specific gravity of dimethyl sulfoxide-methylene iodid: 
solutions caused by changes in composition due to differential evapora 
tion are much smaller than they would be if acetone or ethyl alcohol i: 


TABLE I. SomME PHYSICAL PROPERTIES OF DIMETHYL SULFOXIDE, ACETONE, 
Erxnyt ALCOHOL, AND METHYLENE IODIDE 


Melting aa 5 Moos: MeDer eres Index of | Flash Vissi 
wat Boiling point | pressure pressure | Specific fie a ity 
e C SiC. mm, Hg at}mm,. Hg at] gravity Bee eee 25°" 
, OH | Ee Bi ep 
Dimethyl sulfoxide! 18.4 189 0.37 0.79 1.100 1.48 203 1.98 
(20° C.) 
Acetone —952 56.52 1853 2833 0.79 1.362 152 0.322 
@02iG)2 
Ethyl alcohol —1142 78.42 43.93 78.88 0.79 1.362 702 Li 
(20° C.)2 
Methylene iodide 5-62 180? 1.01 1.90 oS 1.762 | None 0.025 
(decomposes) |(20.6° C.)4|(29.5° C.)4] (20° C.)2 


' Stepan Chemical Co., Technical Bulletin, Dimethyl sulfoxide, December 29, 1954. 
2 Hodgman, 1957. 

3 National Research Council, 1928. 

4 Gregory and Style, 1936. 

* Timmermans and Hennaut-Roland, 1932. 


* Publication authorized by the Director, U. S. Geological Survey. 


NOTES AND NEWS 727 
used as the diluent. Table I compares the salient properties of dimethyl 
sulfoxide, acetone, ethyl alcohol, and methylene iodide. 
In order to test the constancy of the dimethyl sulfoxide-methylene 
iodide solutions during use, a series of solutions, each having a 50-ml. 
volume, was prepared. The specific gravities of the liquids were 2.92, 2.97, 
3.02, 3.13, and 3.19. For each solution in the series, 6 to 12 heavy liquid 
“separations, which included a filtration step, were made on approximately 
10 gram portions of mineral mixtures over a period of 19 days. At the con- 
clusion of these separations, the volume of the available liquid was too 
small for further separation of minerals. The change in the specific grav- 
ities of the liquids after use ranged from +1 to —2 in the second decimal 
place. 


Specific gravity Specific gravity Sree F Number of 

before use afler use Bn Bic eae separations 
2.92 2.92 0 7 
2.97 2.97 0 6 
3.02 — = 11 
Sails} 3.14 +0.01 12 
3.19 oy ily —0.02 12 


* Available liquid insufficient for determination. 


The decrease in specific gravity may be due to the entrainment of a small 
amount of low specific gravity liquid from minerals which had been pre- 
viously cycled through a conventional bromoform separation. 

Mixtures of the two liquids become blood red on standing due to the 
liberation of free iodine. Dimethyl! sulfoxide accelerates the decomposi- 
tion of the methylene iodide. The intensity of the red color is proportional 
to the amount of dimethyl sulfoxide present. The red color can be re- 
duced markedly by storing the liquids in contact with copper wire or 
shavings; the color then ranges from light yellow (sp. gr. =3.19) to light 
red (sp. gr.=2.92) at the end of one month. On further standing the 
liquids of lower density become blood red. 

The combining volumes of dimethyl sulfoxide-methylene iodide solu- 
tions are additive and a straight-line mixing curve (volume+ volume) can 
be used to prepare a liquid of desired specific gravity. Acetone, dimethyl 
sulfoxide, and water are miscible in all proportions. The separated min- 
erals can be washed free of a dimethyl! sulfoxide-methylene iodide liquid 
using acetone. The methylene iodide can be recovered from the washings 
by mixing the washings with large volumes of water in the manner con- 
ventionally used when alcohol or acetone is the diluent. When a dimethyl 
sulfoxide-methylene iodide solution, prepared for a specific job, is no 
longer needed, the methylene iodide can be recovered in the same way. 


| 
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Informition supplied by the manufacturers of dimethyl salto 
states that toxicity does not seem to be a problem. Toxicological evalua: 
tion of preliminary animal studies reveals no sensitivity reactions on 
harmful effects on lung tissue. However, as these studies are continuing 
and the final word on this is yet to come, the manufacturer suggests that! 
due care should be exercised in its handling and application. 
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STIBIOTANTALITE FROM THE BROWN DERBY 
No. 1 PEGMATITE, COLORADO* 


E. Wn. Hernricu, Department of Mineralogy, The University 
of Michigan, Ann Arbor, Michigan. 


The Brown Derby group of pegmatites and especially the Brown Derby 
No. 1 pegmatite on the east side of Quartz Creek Valley in Gunnison 
County, Colorado, ‘are famous for the exceptional development of the 
variety of pegmatitic minerals that they contain, ever since the discovery 
in them of lepidolite (Eckel, 1933). Minerals from this dike and its parent 
granite also have been used extensively for age determinations (e.g., 
Aldrich ef al., 1956). The geology of the dikes and of the district has been 
thoroughly investigated (Hanley ef al., 1950; Staatz and Trites, 1955), 
and many of the minerals have been studied in detail: microlite (Eckel 
and Lovering, 1935); tourmalines (Staatz ef al., 1955); columbite (Hein- 
rich and Giardini, 1957); garnet (Jaffe, 1951), the micas, especially the 
lepidolites (Heinrich e¢ al., 1960B); and monazite (Heinrich e/ al., 1960A). 
A list of the minerals identified with certainty from the Brown Derby 
group is given in Table 1. 

Stibiotantalite was found by the writer in 1953 in pegmatite blocks on 


* Contribution from the Department of Mineralogy, The University of Michigan, Ann 
Arbor, Michigan, No. 237. 
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TABLE 1. MINERALS FROM THE BROWN DERBY GROUP OF PEGMATITES, QUARTZ 
CREEK, GUNNISON CouNTy, COLORADO 


Magnetite Quartz 
Gahnite Microcline-perthite 
Hematite Oligoclase 
Columbite ‘ Albite (incl. cleavelandite) 
Microlite Beryl] (greenish-blue and rose) 
Euxenite Topaz 
Stibiotantalite Garnet (yttrian spessartite) 
Tourmalines (pink, red, watermelon, 
Fluorite green, blue, purple, yellow, black) 
Muscovite 
Apatite Rose muscovite 
Monazite Sericite (incl. phengite) 
Lepidolites (1M, 6M) 
Zinnwaldite 
Biotite 
Chlorite 


the dumps from the main inclined workings in the Brown Derby No. 1 
dike. The mineral, which is very rare, appears in relatively pure crystal 
fragments as large as 5X34 X23 cm. It is very likely that all of the pieces 
obtained came from a single cluster of crystals that was broken during 
mining. Occurring with the tantalum mineral are crystals of pink tour- 
maline as much as 1 cm. across. 

The stibiotantalite fragments are cut by thin veinlets of quartz and a 
colorless muscovite with 2V=O°, probably a phengite. The tantalum 
mineral and its associates were formed within albite-quartz-lepidolite 
rock of the lepidolite-quartz-cleavelandite unit of Hanley ef al. (1950). 

Hamilton (1957), who also reports stibiotantalite from the Brown 
Derby, likewise notes pink tourmaline, quartz and lepidolite as the asso- 
ciates. The identity of his material was verified by Professor C. S. Hurl- 
but of Harvard University. 

The optical and physical properties of the stibiotantalite are presented 
in Table 2, and x-ray powder data are listed in Table 3. The chemical 
composition of the mineral is as follows (semi-quantitative by x-ray 


fluorescence) : 
TazO; 48.8% 
Nb2O5 8.6 
Sb203 42.6 
BiO3 nil 
PbO 0.06 
RE nil 


The figure for Sb:,O; is by difference; the analysis showed Sb to be the 
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TABLE 2. OPTICAL AND PHYSICAL PROPERTIES OF THE 
BROWN DERBY STIBIOTANTALITE 


Megascoptc: | 


Yellowish steel gray with a brilliant light yellowish resinous luster on fresh surfaces; 
H=5.0; G=7.3. Cleavages: {010} good; {100} fair. 


Microscopic: 
Light brownish gray, highly translucent. Indices >2.00. y—a=0.08, (+), 2V=75°. 
r<v strong. Slight alteration to opaque red brown isotropic material. In reflected light: 
light gray, anisotropism moderate. Strong yellow internal reflection. Exceedingly mi+ 
nute specks of included galena (?) and pyrite (?). Minor alteration to medium gray 
material especially along fractures; alteration shows no internal reflection. 


— -- ~ — 4 


only other major metallic element present in addition to Ta and Nb, 
Both U and Th are absent; an autoradiograph of 30 days exposure 
showed no darkening. 

The Brown Derby No. 1 pegmatite thus contains for Nb-Ta minerals: 
columbite, euxenite, microlite, and stibiotantalite. Material termed beta 
fite by Hanley e¢ al. (1950) has been identified as euxenite by the writer. 

Other recorded United States occurrences of stibiotantalite are at 
Mesa Grande, San Diego County, California (Penfield and Ford, 1906), 
and at Topsham, Maine (Palache and Gonyer, 1940). In addition to the 
initial discovery at Greenbushes, Wodgina district, Western Australia 
Goyder, 1892), the mineral had also been found in the Varutrask, 
Sweden, pegmatite by Odman (1941). More recently magnificent crystals 
have been obtained from the Ribaue-Alto Ligonha pegmatite district, 
Portuguese East Africa (especially from the Muiane pegmatite), includ- 
ing one brilliantly faced crystal weighing over 10 lbs., now in the U. S. 
National Museum (Bandy, 1951). Sosedko (1958) also has identified 
stibiotantalite crystals in a pegmatite in the northern part of the Kola 
Peninsula. 
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TABLE 3. X-RAY POWDER DIFFRACTION DATA ON STIBIOTANTALITE 
Cu RapraTion, Ni FILter 


A B 
Stibiotantalite Stibiotantalite 
Mesa Grande, Calif. Brown Derby, Colo. 

d(A) I d(A) I 

4.55 w 

SEOZ, s Bod m 

De NG vs Sa ikO S 

OS s 2.94 ms 

2.78 w 

Ze, m 2.68 mw 

DS mw DEAS Ww 

2.05 vw 

1.99 vw 2.01 vw 

1.96 vw 

1.90 m 1.88 m 

1.83 mw 1.84 Ww 
1.81 mw 
1.80 vvw 

1.74 Ss JTS} ms 

Ly vw 1.708 Ww 

1.667 Ww 1.662 mw 

1.63 vw 

1.562 VVW 1.58 Ww 

1.524 Ww 1553 vvw 
11 so? W 

1.50 vvw 1.49 vw 

1.405 VVw 

iesou Ww 1.348 Ww 

il 2S vw 1265 Ww 

1.24 vw 125 vw 

1.19 Vw 1.183 w 

1.14 w 1b SS) Ww 

ib iS} Ww 125 mw 

1.087 VVw 1.082 Vvw 
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THE NAMING OF THE HYDROUS MAGNESIUM BORATE MINERALS 
FROM BORON, CALIFORNIA—A PRELIMINARY NOTE* 


WALDEMAR T. SCHALLER AND Mary E. Mrosg, U.S. 
Geological Survey, Washington, D. C. 


| 
I 
i 


Considerable confusion exists in the naming of the two hydrous mag- 
nesium borate minerals from the Open Pit at Boron, California. These 
minerals have only recently been discovered in the sediments overlying 
the borax and kernite and were described by Frondel and Morgan (1956) 
and by Frondel, Morgan, and Waugh (1956). The latter group considered 
one of these minerals to be new and named it lesserite. However, both of 
these minerals had been described previously as the new minerals inderite 
(Boldyreva, 1937) and kurnakovite (Godlevsky, 1940); both occur at the 
Inder borate deposit in western Kazakhstan, U.S.S.R. 

The uncertainty as to the identity of the minerals from Boron has. 


been augmented by partly inaccurate optical determinations originally 
given for inderite, the incorrect formula derived for kurnakovite, and the 
incorrect interpretation by Heinrich (1946) of the original x-ray powder 
diffraction data for inderite. No x-ray powder diffraction data for type 
kurnakovite have been published. The information available to us indi- 
cated strongly the identity of both of the California minerals with the 
two Russian minerals, inderite and kurnakovite. All doubt of this iden: 
tity is now removed by the receipt from Prof. Dr. M. A. Valyashko of «- 
ray powder diffraction data we requested of an authenticated specimen of 
kurnakovite from Inder. These data are in agreement with those pub- 
lished by Heinrich for his ‘American material’”’ and with those obtained 
by us on numerous samples from Boron, California. 

Comparison of «x-ray, optical, and chemical properties obtained during 
our detailed study of these minerals with those given for type inderite 
(Boldyreva, 1937; Boldyreva and Egorova, 1937), synthetic inderite 
(Feigelson et al., 1939; Nikolaev and Chelishcheva, 1940), type kurnako- 
vite (Godlevsky, 1940), and synthetic kurnakovite (Spiryagina, 1949) 
now makes it possible to define inderite and kurnakovite as dimorphs of 
MgeBeOu: 15H20. The so-called “‘lesserite” is identical with type inderite. 
Some of our conclusions previously had been suggested by D’Ans and 
Behrendt (1957), by Dr. Robert Kiithn (1959) of Hannover, Germany 
(also, written communication, 1958), and by Richard C. Erd of the U.S. 
Geological Survey (written communication, 1958). 

This preliminary note is presented to prevent further confusion in the 


* Publication authorized by the Director, U. S. Geological Survey. 
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TABLE 1. CLASSIFICATION OF THE HypRous Macnesium BoraTE MINERALS 


Inderite, MgoBsOu- 15H2O Kurnakovite, Mg.BsOu-15H.O 
Monoclinic Triclinic 
Natural* Synthetic* Natural* Synthetic* 
“Tesserite” of Fron- inderite of Feigel- “Snderite” of Hein- ‘‘inderite’’ of Hein- 
del, Morgan, and son et al. (1939) rich (1946) rich (1946) 


Waugh (1956) 


“Jesserite”’ of Mues- inderite of D’Ans | “inderite” of Frondel kurnakovite of Spir- 
sig (1959) and Behrendt and Morgan (1956) yagina (1949) 
(1957) 


“inderite’’ of Mues- 
sig and Allen (1957) 


“inderite” of Muessig 
(1959) 


* The incorrect names assigned by the designated investigators are given in quotes. 


designation of these two hydrous magnesium borates. Table 1 summar- 
izes the results of our investigations. The detailed evidence on which the 
above conclusions are based will be presented in a later paper. 
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JACOBSITE FROM THE NEGEV, ISRAEL 
GERALD Katz, Israel Atomic Energy Commission, Rehovoth, Israel. 


The specimen of jacobsite investigated is the first reported occurrencs 
from Israel and the middle east. The sample was not found in situ but ob 
tained from a large boulder (approximately 1 cubic meter) which wa: 
mined from the vicinity of ‘‘manganese hill,’’ 26 miles North of Eilat, iv 
the Southern Negev (Sturm 1953 and Bentor 1956). All subsequent anal. 
yses were performed on a “‘fist-sized”’ sample removed from this boulder 


PHYSICAL PROPERTIES AND COMPOSITION 


In appearance, the specimen was predominantly of a deep black color 
exhibiting a brownish-black streak test. It was very magnetic, being abi: 
to support a 3 inch alnico horse-shoe magnet with 1 cm? pole pieces. Th: 
hardness on the Mohs scale was just below 6 of feldspar. It was quite dif 
ficult to cut the specimen with a carborundum saw and sections wer‘ 
made using a diamond saw. No regular cleavage was observed and onh 
an irregular fracture was obtainable. 

Spectrochemical analysis indicated iron and manganese to be th 
major elements present plus small amounts of silicon, aluminium, bariun 
and traces of other elements. Wet chemical analysis gave a content of: 


29.0% manganese by weight 
14.6% iron by weight 


POLISHED SURFACE STUDIES* 


The specimen is of complex mineralogy, very fine grained, considerabh 
oxidized, and in general, a particularly difficult problem for mineralogica 
study. Fig. 1. is a photomicrograph made under low magnification. Th 
very bright small particles (low left center) are hematite. The smoot. 
fairly bright areas are jacobsite; the brightness varies as it is oxidized an 
hydrated to limonite, which most of the darker areas represent. In addi 
tion to jacobsite and hematite, several other phases are discernible. 


* Study performed by Dr. C. Milton of the U. S. Geological Survey, Washington 2. 
IDC 
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Fic. 1. Photomicrograph (ordinary light). The very bright small particles (lower left 
center) are hematite. The smooth fairly bright areas are jacobsite; the brightness varies 
as it is oxidized and hydrated to limonite, which most of the darker areas represent. X45 


large part of the specimen appears to be hydrous iron oxide, goethite, 
as indicated by red internal reflections, low reflectivity and a consider- 
able water content by closed tube test. There are veinlets cutting the 
specimen, apparently psilomelane or a similar manganese oxide. 


X-RAy STUDY 

When one considers the variety of oxidation states possible in iron and 
manganese ores, unambiguous identification of the phases present can 
best be accomplished by «x-ray diffraction techniques. Debye-Scherrer 
photographs were taken from a region of the specimen which was found, 
by probing with a bar magnet, to be most magnetic. The polished surface 
study was made on a sample adjacent to this region. In Table 1 the pow- 
der diffraction data of the sample is presented with the identification of 
the various phases detected. There are two major phases present; a-Fe,O3 
and jacobsite, a cubic phase which readily indexed as the spinel structure 
type. Trace amounts of goethite, a-Fe,03-H20 and a calcium manganese 
oxide hydrate (ASTM 4-0149) were found. After a magnetic separation 
of the powdered sample was made, the non-magnetic fraction indicated 
the possible presence of bementite, 8MnO-7SiO,:5H20. The 7.17 A line 
has not been identified. 
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TABLE 1. X-RAY PowpER DaTA FOR NEGEV ORE 
Fe/Mn filter, Fe K=1.9373; Camera diameter 114.59 mm. 


Spinel 

dops(A) I phase —ao(A) dobs(A) I hkl ao(A) 

(hkl) 

(H) 1.631 M— ae, 8.475 | 

7.17), Mi 511f re || 
4.85 W 111 8.402 | (H) 1.606 M— 

(G) 4.25 VW 1.503 M+ 440 8.502 
(H) 3.625 M— (H) 1.482 M 
2.982 M 220 8.433 | (H) 1.450 M 

*2.782 W 1.345 W+ 620 8.507 

Gi G)2:672) S MEYER | VWVae | 

2.547 Mf 311 8.448 | (H)1.294 VW 533 8.485 | 

(A) 2.504 M+ 1282 NV 622 8.504 
(G) 2.445 W+ 222 8.469 | (H) 1.257 W 

*2.353 W (H) 1.227 VW a 8.501 

711 

(H) 2.195 M— (H) 1.214 VW ei 8.491 
2.113 M— 400 8.452 | (H) 1.189 W 
(H) 2.079 VW (H) 1.160 W 

1.947 W+ 331 8.487 | (H) 1.140 W 642 8.531 
*1.800 VW *1:118 9 W 

(H) 1.833 M 1.107 VW 731 8.503 
1.728 W 422 8.465 | (H)1.102 M 

(H) 1.687 M+ 1.065 W (Br.) 800 8.520 
*1.667 W (H) 1.055 W 


G=goethite. 
H=hematite. 
* Unidentified. 


The lattice constant of the spinel phase was determined by extrapolat 
ing the plot of the observed lattice constants for each (RI) reflectio 
against the Nelson and Riley (1945) function 


(= +o") 
2 \sin@ 0 


and found to be 8.51 +0.01 A. 


DISCUSSION 


At this point it is most appropriate to review the considerable discrey 
ancies reported in the literature relative to the nomenclature, chemic: 
composition, and lattice constants of the intermediate compounds bi 
longing to the system whose end members are the cubic spinel, magneti 
(FesOs), and tetragonal hausmannite (Mn30,). Mason (1947) showe 
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that there was a complete range of solid solutions between Fe;O. and 
Mn;0, above 1200° C; exhibiting a cubic structure at room temperature 
from 0 to 60 mol per cent Mn;Q, and a tetragonal structure from 60-100 
mol per cent Mn3Qy. The unit cell dimension of the cubic phase increased 
with the mol per cent of Mn;Q, and the c/a ratio of the tetragonal phase 
increased from 1.00 to 1.16 above 60 mol per cent Mn;O,. From the study 
of some mineral specimens belonging to the system Fe;0.-Mn30,, Mason 
found the evidence that compositions from approximately 54 to 91% 
Mn;0, will form two phases if allowed to reach equilibrium; one cubic and 
one tetragonal. This was demonstrated by the mineral vredenbergite (an 
intergrowth of jacobsite and hausmannite). More recently Van Hook & 
Keith (1958) have verified Mason’s findings and have investigated and 
characterized more completely the system Fe;0,-Mn;Q,. They have 
shown that below 1160° C. there is a ‘‘progressively widening region of 
solid immiscibility in which a cubic phase and a tetragonal phase can co- 
exist in equilibrium.” Their data corroborates Mason’s results on natural 
intergrowths in the region 54 to 91% Mn;QO,. They have suggested 
that Mason’s nomenclature and subdivisions in the system Fe3;O,- 
Mn30, be continued: 


Mineral name Mol per cent Mn3O 
magnetite 0-— 10 
jacobsite (magnetite-high hausmannite solid solution) 10— 54 
vredenbergite (intergrowths of jacobsite and low hausmannite) 54- 91 
hausmannite (low) 91-100 


The increase in lattice constant for the cubic spinel phase with increas- 
ing content of Mn;O, as reported by both Mason and Van Hook & Keith 
was found to follow an almost linear relationship. Although no single 
crystalline (Fe,Mn);0, phase with from 54 to 91% Mns;O, is stable at 
room temperature, Van Hook & Keith obtained solid solutions in that 
compositional range only by quenching from higher temperature. Such 
cubic solid solutions are metastable at room temperature. This, of course, 
precludes their existence in minerals. 

While it would be completely probable to find jacobsite with a lattice 
constant consistent with the appropriate amount of Mn3O, in the com- 
positional range 10-54 mol % Mn;O, (Mason page 437), the synthetic 
manganese ferrite or .33 Mn;O,-.66 Fe;O. would be expected to have one 
discrete unit cell dimension. This lattice constant would further depend 
on the ratio of Mnt? and Mnt? present and their relative occurrence on 
the A and B spinel sublattice sites. In Table 2 the reported lattice con- 
stants for jacobsite are compared with those of synthetic manganese 
ferrite. Among the synthetic manganese ferrites there is very good agree- 
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TABLE 2. REPORTED LATTICE CONSTANTS FOR JACOBSITE AND 
SYNTHETIC MANGANESE FERRITE 


Mn;04 Lattice 


Specimen content constant Source Reference 
(mol per cent) A | 
Jacobsite ca 8.49 Jakobsberg, Ramdohr (1956) 
Sweden 
Jacobsite 33% 8.505 Weabonga, New McAndrew (1952) 
South Wales 
Jacobsite 19 t0 54% 8.44 to 8.51 various Mason (1947) 
Jacobsite 54% 8.51 Negev, Israel Katz (1959) | 
Manganese ferrite 33% 8.515 synthetic Economos (1955) 
(MnFe20,) | 
Manganese ferrite 33% 8.507 synthetic Gorter (1954) 
(MnFe.0,) 
Manganese ferrite 33% 8.517 synthetic Hastings & Corliss | 
(MnFesOs) 


(1954) 


ment. Hastings and Corliss (1954) made a neutron diffraction study of 
the distribution of the Mnt? and Mn*$ cations amongst the A and B sub- 
lattice sites. They found no appreciable change in lattice constant or in 
Mn* and Mn‘? distribution in samples prepared either in air or nitrogen 
and subsequently either slow cooled or quenched. It is apparent that the 
lattice constant of synthetic manganese ferrite does not agree with the 
findings of Mason and Van Hook & Keith of about 8.46 A for the .33 mol 
per cent Mn3O04 composition. Mason et al., however, only knew the 
Fe/Mn ratio of their samples and had no idea of the valence states and 
distribution of the manganese cations. Hence direct comparison of the 
two sets of data is not possible. In work with mineralogical specimens, the 
effect of impurity cations must be further considered. For these reasons 
the composition of the Negev specimen has been tentatively determined 
on the basis of Mason’s et al. work as 54 mol per cent MngQ, and 46 mol 
per cent Fe;Q,. 
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FULLER’S EARTH AS AN AGENT FOR PURIFYING 
HEAVY ORGANIC LIQUIDS* 


WALLACE R. GRIFFITTS AND A. P. MARRANZINO, U.S. 
Geological Survey, Denver, Colorado. 


For several years we have been investigating trace amounts of metals 
in various rocks and minerals. Bromoform, diiodomethane (methylene 
iodide), and acetylene tetrabromide were used to separate igneous rocks 
into their constituent minerals. Because, in some cases, we were deter- 
mining low level metal content (1 or 2 ppm.) in mineral separates it be- 
came important to know if the liquids could pick up enough metal to con- 
taminate the minerals, and, if so, how the metal might be removed. The 
concern deepened when our colleage A. P. Pierce told us that bromoform 
picked up important amounts of uranium, and J. C. Antweiler noted that 


* Publication authorized by the Director, U. S. Geological Survey. 
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} 
bromoform became laden with lead when used to separate ore minerals} 
Antweiler and I. C. Frost found that as bromoform cools the crystals that 
form first contain very little lead and when separated and melted give a 
very clean liquid. In a search for a more convenient cleansing procedure 
we treated samples of organic heavy liquids with HCl-treated ion ex+ 
change resin (Amberlite IRA 400 and IRA 120 mixed in equal propor; 
tions) and also with fuller’s earth. The fuller’s earth had been used regu- 
larly to remove the tarry decomposition products that gradually darken 
bromoform and diiodomethane. Two fuller’s earths from different Be. | 
gave equal results. 

The treatment with fuller’s earth is simple; shake a few grams of the 
earth with 100 to 150 ml. of liquid in a separatory funnel. After the earth 
rises to the top, draw off the clear liquid. Tapping of the funnel aids sepa- 
ration of the last liquid. Do not wash the clay with acetone or alcohol in 
an attempt to recover the heavy liquid. Tarry decomposition products: 
and possibly metals trapped in the clay would thereby be washed out of} 
the clay again and returned to the purified heavy liquid. The loss of heavy 
liquid can be minimized by keeping the amount of clay as small as pos- 
sible. Ion exchange resins can be used in a similar manner and may in- 
volve less loss of liquid. The resins, however, are rather ineffective in 
bleaching the liquids. 

Ten milliliters of each liquid were evaporated to dryness and the resi- 
dues dissolved in nitric acid. Copper was determined in the solution with 
biquinoline and lead and zinc by dithizone. Analyses of the liquids before 
and after treatment gave the following results: 


Sample ; Micrograms in 10 ml. sample 
eer Material Treatment 
Pb Cu Zn 
Bl Bromoform, from new bottle | None i? nS) 2 
B2 Bromoform, from new bottle Resin ih aS) <i) 
B3 Bromoform, from new bottle Fuller’s earth 1 5 <a) 
B4 Bromoform, used None <4 1 <p) 
B5 Bromoform, used Resin <4 <2. << 
B6 Bromoform, used Fuller’s earth eo ol ea tO) <2 
Mi Diiodomethane, used None < = 4 
M2 Diiodomethane, used Resin s ze 4 
M3 Diiodomethane, used Fuller’s earth Pe <—) 
Al Acetylene tetrabromide, used None y Z <i 
A2 Acetylene tetrabromide, used Resin 4 8) Si 


A3 Acetylene tetrabromide, used Fuller’s earth gD) <oe) <W) 
* Not determined because of strong interference from mercury, which F. N. Ward de- 


termined to be present in concentrations of about 450 ppm—or about 15,000 micrograms 
in 10 ml. 
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The treatment with fuller’s earth effectively reduced the metal content 
of the liquids. The ion exchange resins were less effective. The low lead 
and zinc contents of the used bromoform probably result from the earlier 
bleaching by fuller’s earth. The clay also removes dissolved water from 
bromoform, reducing the coagulation of suspended particles that some- 
times takes place during separation of minerals finer than 200 mesh. The 
diiodomethane had been stabilized with mercury, which accounts for its 
high metal content. Stabilization with tin or copper may introduce simi- 
lar amounts of these metals into the liquid. The metal that would cause 
the fewest problems in any investigation presumably should be used as a 
stabilizer. 

The effectiveness of fuller’s earth in removing metals from the liquids 
indicates that some clays may become seriously contaminated if they 
contact unclean heavy liquids. The contamination naturally is more 
Serious if the amount of mineral in contact with the liquid is small, as in 
the later stages of purification of mineral concentrates, and may be 
critical if metal is selectively absorbed by some mineral. 
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MEASUREMENT OF REFRACTIVE INDICES IN THIN SECTION 


Joun J. W. Rocers, Depariment of Geology, The Rice Institute, 
Houston, Texas. 


The uniform thickness and random orientation of grains in most thin 
sections are highly desirable features for many types of optical measure- 
ments. Unfortunately, however, the precise measurement of indices of 
permanently mounted material is difficult. One way to overcome this dif- 
ficulty, while preserving the thin section, is to dissolve the Canada balsam 
mounting material around the edges by immersing the section in xylene. 
The solution process is easily watched and is stopped by washing the xy- 
lene out with acetone (which dries rapidly) when the xylene just reaches 
the outer edge of the rock slice (about 15 minutes for most sections). The 
section is then dried, and immersion oils are inserted under the edge of the 
cover glass and into contact with the rock. Indices of the various min- 
erals are determined by using different oils sequentially and washing each 
of them out with acetone. Sections in which the rock slice is attached to 
the underlying slide by a mounting medium not easily soluble in xylene 
should have the outer edges of the rock “‘shaved”’ off before the cover 
glass is attached, and the cover should be cemented by Canada balsam. 
By removing edges which might be coated by an insoluble mounting 
medium, contact between immersion oil and mineral is assured. 
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MICROHARDNESS OF THE PLAGIOCLASE SERIES 


AsoKE MOOKHERJEE AND K. C. Sanu, Indian Institute of | 
Technology, Kharagpur, India. 


Application of indentation microhardness technique to mineralogica’ 
problems is a comparatively recent undertaking. The few publisng 
works (1, 2, 3) naturally aim at supplying only numerical data on micro+ 
hardness of various minerals. 

During routine laboratory work in the postgraduate mineragraphy 
classes it was observed that the high reproducibility of results and sen- 
sitivity of Leitz ‘‘Durimet” microhardness tester—when worked under 
standard conditions—might be profitably utilised in studying the mem 
bers of a solid solution series. 

Details regarding the instrument, working principle, and experimenta) 
procedure can be had from the booklet accompanying the instrument and 
also from Nakhla’s paper. Discussions on these are therefore purposely 
omitted from the text. 

Six plagioclase crystals, ranging in composition between Ans—Angs were 
crushed to 25 mesh, mounted separately on bakelite moulds and polished. 
Microhardness of twenty random grains were taken, each with working 
loads of 15, 25, 50, 100, 200, 300, 400 and 500 gms. (Table 1). Highest hard- 
ness values with reference to each load was taken to represent the maxi- 
mum Vicker’s microhardness of the mineral for that particular load. The 
feldspars were identified by determining Nx and N, by the liquid immer- 
sion method. 

Figure 1 shows variation in microhardness with compositional varia- 
tion at different loads. 


However it must be emphasized that this preliminary investigation 
does not claim to have provided a very accurate curve for plagioclase 
determination on the basis of microhardness. That would require some 


TaB_E I. Hy (Kg/mm?.) 


An 15 25 50 100 200 300 500 


Specimen & locality 
cont, gms. gms. gms. gms. gms. gms. gms. 
Albite (Norway) 5% 1374 1492 1261 1682 2576 z * 
Oligoclase (Tvedestrand, Norway) 25% 944.5 1064 926.7 1137 1138 885.3 685c5 
Andesine, Esterel, France 40% 903 1064 1248 1282 975 913 917 
Labradorite, Sucmi, Finland 52% 936 1221.5 1060 1244 1066 958 886 
Bytownite, Bengal 75% 420 590 480 560 500 440 400 


Bytownorthite, Grass Valley, Calif. 85% 102 119.5 134.7 150 12.0" Sasi 120*% 


* Highly cracked, no accurate measurement possible. 
** Cracks developed from the edges of indentation outwards. 
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more hardness data of well analysed samples representing the whole 
range. The primary significance of the result lies in the fact that the 
trend of variation in hardness remarkably matches with the structural 
and compositional variation trends in the plagioclase feldspars. The hard- 
ness appears to be a linear function of Ab content (Fig. 1) with a sharp 
break in region Ango—An7o which, it may be recalled, is the region of im- 
miscibility and consists of alternate Ab and An structural sheets. The two 
ends of the curve, i.e. the albite-oligoclaseand bytownite-anorthiteregions 
are, again, domains of pure albite and pure anorthite structures respec- 
tively. The coincidence is too remarkable to be fortuitous. 

It may also be tentatively suggested that, at any point, the degree of 
deviation from rectilinearity might be a measure of (1) degree of ex-solu- 
tion or (2) degree of departure from original structure. 
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Fic. 1. Variation in microhardness with composition at different loads. 
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The results thus strongly indicate that microhardness studies of soliq 
solution series might be utilised in detecting structural breaks and com) 
positional variation. 


LIMITATION 


The obvious limitation of this technique is that although 20 randont 
grains were examined in each case, the highest value obtained might no} 
represent the maximum hardness. However in all cases the ranges 0} 
hardness of each species are so widely apart, compared to the range o| 
hardness variation of a mineral with varying orientation, that this limita. 
tion does not seem to affect the general observations and conclusions. 
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LATTICE CONSTANTS AND PROBABLE SPACE GROUP OF ANHYDROUS 
CUPRIC SULFATE (ARTIFICIAL, CHALCOGCYANITE)* 


Cari W. F. T. Pistorius, Institute of Geophysics, University of 
California, Los Angeles 24, California. 


Anhydrous cupric sulfate was prepared by heating Baker and Adam: 
son Reagent Grade CuSO,4:5H20 to approximately 300° C. for two hours 
The x-ray powder diffraction pattern at 25° C. was obtained in a Norelcc 
high angle recording diffractometer, using CuK, radiation (A=1.5418 A 
and a Ni filter. The scanning speed was §° (20) per minute. 

The indexing was done by means of the similarity to the zinc sulfat 
pattern (Schiff, 1934) and by using the goniometric value for the axia 
ratios of natural chalcocyanite, which is orthorhombic dipyramida 
(Dana’s system, 1951). All the observed diffraction peaks could be satis 
factorily assigned as being due to an orthorhombic lattice with the follow 
ing unit-cell dimensions, obtained by a least-squares treatment: dy) = 8.39" 
+ .013 A, bb =6.811+.010 A, co=4.791 + .008 A. 


* Institute of Geophysics Publication No. 194. 
+ On leave from the National Physical Research Laboratory, South African Council fo 


Scientific and Industrial Research, P. O. Box 395, Pretoria, Transvaal, Union of Sout! 
Africa. 
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TABLE 1. PowpER Data For CuSO, 


Also (A) deale. (A) hkl 100 T/To 
4.163 4.161 101 73 
3.911 3.919 O11 5 
3.537 3.551 111 100 
3.408 3.406 020 4 
3.163 3.156, 3.156 201, 120* 5 
2.614 2.644, 2.635 220, 121 92 
2.415 2.415 301 jfal 
2.316 2.315 221 9 
2.297 2.304 102 13 
2.088 2.080 202 9 
2.053 2.052 031 3 
1.997 1.997, 1.990, 1.993 230, 212, 131 6 
1.969 1.970 321 6 
1.959 1.959 022 20 
1.773 das 222 35 
1.672 673, 1.669 421, 140* 8 
1.581 il pene 578, 1.578,1.576 501, 402, 240, 141 14 
1.564 1.569 103 4 
1.554 1.555 013 8 
1.542 1,543,19541, 1.537 511, 430, 412 5 
1.434 1.436 521 32 
1.430 1.432 422 33 
1.398 1.398 600 5 
1.376 1.374 502 12 
1.306 1.306 033 6 
1.290 1.291, 1.294 133, 620 4 
1.275 iL Die 1) DHS 441, 522 4 
1.248 1.247,1.249, 1.249 233, 621, 413 4 
1.209 1.208 602 3 
1.163 1.163 701 4 
1.161 1.160 541 2 
i) 50) 12152) 05146 204, 711 5 
1.097 1.095, 1.095, 1.096 161, 523, 260 8 
1.081-1.072 1081 115075;1.072 640, 343, 702 8 broad 
1.002 1.002 820 3 
0.9990 0.9984 460 5 
0.9969 0.9965 262 3 
0.9856 0.9851 642 4 
0.9816 0.9811 821 3 
0.9796 0.9796, 0.9802 044, 740* 3 
0.9592 0.9587 703 2 
0.9562 0.9569, 0.9562 543, 651 4 
0.9543 0.9546, 0.9540, 0.9536 633, 244, 071 4 
0.9250 0.9247, 0.9255 822, 215 3 
0.9229 0.9228 723 3 
0.9140 0.9151 901 5 
0.8057 4 


0.8051, 0.8061 


903, 941 
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The axial ratio ao1b91co = 1.232:1:0.7043 agrees reasonably well with 
the goniometric value 1.254:1:0.7086, derived from Palache, Berman, 
Frondel (1951) if their value 0.7971: 1:1.1300 is considered to be b:@:2c. 

The calculated density of artificial CuSO, at 25° C., assuming Z=4, 
is 3.873 gm/cm*. The pycnometric density is 3.65 + 0.05 gm/cm.* 

The observed and calculated d-spacings, assigned indices and observed | 
relative intensities are listed in Table 1. Systematic extinctions are ORI, | 
k+1 odd; hOl, none; hkO, h odd, or h+k odd. There are three reflections | 
which can be indexed as AkO with h odd. These are marked by asterisks 
in the table. However in each case there is an alternative indexing hkO 
with h+k even. Accordingly the space group was chosen as Puma, if 
CuSO, is dipyramidal. This is in agreement with ZnSOq; a)=8.58, 
by =6.74, co =4.76 kX, Pnma (Schiff, 1934). : 
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ANNUAL MEETING 


The forty-first annual meeting of the Mineralogical Society of America will be held in 
Denver, Colorado, Monday through Wednesday, October 31-November 2, 1960. Detailed 
notices will be mailed to all members. 

Abstracts of papers to be presented at the annual meeting must be received by the 
Secretary on or before July 1, 1960. Abstract blanks may be obtained from the Secretary. 


NOMINATIONS OF OFFICERS FOR 1961 


President: E. F. Osborn, Pennsylvania State University, University Park, Pa. 
Vice-President: Ian Campbell, California Division of Mines, San Francisco, Calif. 
Secretary: George Switzer, U. S. National Museum, Washington, D.C. 
Treasurer: Marjorie Hooker, U. S. Geological Survey, Washington, D.C. 
Councilors: (1961-63, two to be elected) 

Stephen E. Clabaugh, University of Texas, Austin, Texas 

Robert M. Garrels, Harvard University, Cambridge, Mass. 

William T. Holser, California Research Corporation, La Habra, Calif. 

O. F. Tuttle, Pennsylvania State University, University Park, Pa. 
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FIFTY-PLUS COMMITTEE 


The MSA Fifty-Plus Committee now has 158 members who have pledged a total of 

_ $11,960 to the Endowment Fund over a five-year period. Formed last year to help build 
| up the Endowment Fund, the Committee has been so successful that the Society is even 
now benefiting from the investment of the funds. Through May 31, 1960, $6034 had been 
received. Membership is open to any member or friend of the Society who wishes to pledge 
not less than $10 a year for a five-year period. If you would like to join, send a card or note 


to the Treasurer, Marjorie Hooker, U. S. Geological Survey, Washington 25, D. C. The 


members of the Committee are listed below: 


Abelson, Philip H. 
Adams, John W. 
Alling, Harold L. 
Amstutz, G. C. 
Anderson, A. Benton 
Anderson, Alfred L. 
Bacon, Charles S. 
Bandy, Mark C. 
Barton, Paul B., Jr. 
Beck, Carl W. 
Berman, Joseph 
Bever, James E. 
Bogue, Richard G. 
Boucot, Arthur J. 
Boyd, Francis R., Jr. 
Bradley, William F. 
Brant, Arthur M. 
Brown, John S. 
Buddington, Arthur F. 
Buerger, Newton W. 
Buie, Bennett F. 
Cameron, Eugene N. 
Campbell, Charles D. 
Cannon, Ralph S., Jr. 
Cargille, Ralph P. 
Carroll, Dorothy 


Chesterman, Charles W. 


Chidester, Alfred H. 
Clabaugh, Stephen FE. 
Croft, William J. 
Cuttitta, Frank 

De Vries, Robert C. 
Donnay, Gabrielle 
Donnay, Joseph D. H. 
Dosse, A. F. 

Earley, James W. 
Eckel, Edwin B. 
Ehrmann, Martin L. 
Eitel, Wilhelm 


* Deceased 


Ellestad, R. B. 
Emmons, R. C. 
Pngels Ay EB. Ji 
Enlows, Harold E. 
Erickson, Edwin S., Jr. 
Fahey, Joseph J. 
Fairbairn, Harold W. 
Faust, George T. 
Filer, Russell 
Fisher, D. Jerome 
Flagg, A. L. 
Foster, Margaret D. 
Foster, Wilfrid R. 
Frondel, Clifford 
Fuller, Richard E. 
Galbraith, Frederic W. 
Gaudin, A. M. 
Gillson, Joseph L. 
Glass, Jewell J. 
Goldich, Samuel S. 
Goldsmith, Julian R. 
Graf, Donald L. 
Grawe, Oliver R. 
Green, Robert S. 
Grogan, Robert M. 
Gruner, John W. 
Grunig, James K. 
Haff, John C. 
Halbouty, Michel T. 
{Hamilton, Peggy-Kay 
Henderson, Edward P. 
Hess, Harold D. 
Hess, Harry H. 
Hewett, Donnel F. 
Holmes, Ralph J. 
Hooker, Marjorie 
Howland, Arthur L. 
Hunt, Walter F. 
IBhoplloyot, (C, Sky, jie 


Hutton, C. Osborne 
Insley, Herbert 
Tsotoff, A. 

Jago, John B. 
Jahns, Richard H. 
Kaufiman, Albert J. 
Keller, Walter D. 
Kennedy, George C. 
Kerr, Paul F. 
Knopf, Adolph 
Koebel, Charles 
Kraus, Edward H. 
Larsen, Esper S., Jr. 
Larsen, Esper S., 3d 
Leonard, B. F. 
Levinson, Alfred A. 
Lyons, John B. 
Mason, Brian H. 
Mather, Katharine 
McCaughey, William J. 
McConnell, Duncan 
Merritt, Clifford A. 
Meyrowitz, Robert 
Mielenz, Richard C. 
Mikami, Harry M. 
Milton, Charles 
Moneymaker, B. C. 
Montgomery, Arthur 
Murata, K. J. 
Nason, Howard K. 
Neuerburg, George J. 
Noble, James A. 
Osborn, E. F. 
Pabst, Adolf 

Page, Lincoln R. 
Pate, Howard 
Pough, Frederick H. 
Ramsdell, Lewis S. 
Reichen, Laura 
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Roedder, Edwin W. 


Rowland, Richards A. 


Runner, Joseph J. 
Sampson, Edward 
Sampter, E. L. 


Schaller, Waldemar T. 


Schmidt, Robert G. 
Schmitt, Harrison A. 
Schortmann, R. E. 
Servos, Kurt 
Siegrist, Marie 
Slawson, Chester B. 
Smith, Joseph V. 
Smith, Robert L. 
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Sprague and Henwood 
Staples, Lloyd W. 
Stern, Thomas W. 
Stewart, David B. 
Stewart, Duncan, Jr. 
Stoiber, Richard E. 
Stone, Robert L. 
Stringham, Bronson 
Sun, Ming-Shan 
Taber, Stephen 
Tolman, Carl 
Tunell, George 
Tuttle, O. Frank 
Verhoogen, John 


Vlisidis, Angelina 
Wade, F. Alton 


Waldschmidt, William A. | 


Weaver, Charles E. 
Webb, Robert W. 
Weeks, Alice D. 
Weiss, E. J. 

Wenden, Henry E. 
Wherry, Edgar T. 
Winchell, Horace 
Woodford, Alfred O. 
Wyman, Richard V. 
Yntema, Theodore O. 


Peacock MEMORIAL PRIZE 


The Walker Mineralogical Club announces that it has awarded its 
Peacock Memorial Prize (1959) of two hundred dollars “for the best 


scientific paper on pure or applied mineralogy, including crystallography, | 


) 


mineralogy, petrology, ore genesis, and geochemistry,” submitted by a 
graduate student, to 
Dr. John Gittins, 
Department of Geophysics and Geochemistry, 
College of Mineral Industries, Pennsylvania State University, 
University Park, Pennsylvania. 


Dr. Gittins’ paper was entitled ‘‘The Petrology of the Nepheline-bear- 
ing Rocks of Glamorgan and Monmouth Townships, Ontario, Canada.” 
He did his work under Prof. C. E. Tilley and Dr. S. R. Nockolds at the 
University of Cambridge, England. Dr. Gittins emigrated to Canada 
from Manchester, England, in 1948 and resided in Hamilton, Ontario. 
Prior to doctoral studies at Cambridge, he attended McMaster Univer- 
sity, Hamilton, Ontario, where he earned his B.Sc. in Honour Geology in 
1955, and his M.Sc. in 1956. 

The Walker Mineralogical Club announces also at this time that it is 
offering the Peacock Memorial Prize again in 1960. 


FRANKLIN-OGDENSBURG MINERALOGICAL SOCIETY 


The Franklin-Ogdensburg Mineral Society is a new organization estab- 
lished to provide a framework for a series of active programs designed to 
benefit the community, the collector and those interested in the minerals, 
mineralogy and geology of Franklin and Sterling Hill, New Jersey. 

1. To establish, in cooperation with other interested groups, and main- 

tain a sound, permanent museum of Franklin minerals in Franklin, 


N. J. 
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2. To develop new information on Franklin minerals and mineralogy, 
through cooperative scientific programs with universities, and other 


organizations and individuals. 


3. To obtain and make available accurate up-to-date information on 


Franklin minerals and mineralogy. 


4. To facilitate collecting of Franklin minerals while conserving ma- 


terial for future collectors. 
5. To facilitate identification of Franklin minerals. 


6. To promote fellowship and the advancement of mineralogy and 
geology by providing meetings of those interested in the Franklin 


area. 


Any adult interested in any of these or related programs is invited to 
join us. Membership dues of $2.00 or questions concerning the Society 


may be addressed to: 


Franklin-Ogdensburg Mineralogical Society, Inc. Box 146 
Franklin, New Jersey 


THE INDIAN MINERALOGIST 


A copy of the first number (Jan. 1960) of the semi-annual journal of the Mineralogical 
Society of India, ‘““The Indian Mineralogist,” has just been received. This number contains 
112 pages of format slightly larger than that of The American Mineralogist. The quality of 
paper, printing, and illustrations (including half-tones and an inset plate) is very good. Our 
congratulations go to the new Society on this excellent start. The subscription price is 
Rs. 10/- per year, and articles are invited from everyone. Orders should be sent to the 
Treasurer of the Mineralogical Society of India, Department of Geology, Karnatak Uni- 


versity, Dharwar, India. The contents of this first number is as follows: 


The mineral regions of South Australia......................A. R. Alderman 
Hinteieren COmMOTInES wert yrtne rer hem ee Fine enti: 2 hone Sabch enone D. J. Fisher 


The Bowen reaction series and the development of different magma types...... 
T. F. W. Barth 


[Lael ON OHI hat Sina hav UR Sra aa ateeateao ceaiens Oo toned Ga, Ot ene ene Pentti Eskola 
Viridine from Mt. Ragged, Western Australia.................. Rex T. Prider 
Co-existence relations in feldspars and their implications..................... 

EE teeter eaiA tn 5 SAE Ache ee eek S. V. Lakshmi Narayana Rao 
Effect of granular texture on ultrasonic velocities in some rocks. .S. Balakrishna 
Contaminated basic members of charnockite series of Pallavaram, Madras, India 
N. Leelananda Rao 


Optic axial angles of pyroxenes of Deccan Traps............... P.R. J. Naidu 
Iron amphiboles of Hosalli area, Koppal Taluk, Raichur District, Mysore State. 
J. S. Venugopal and M. S. Sadashivaiah 


The Closepet granite and associated rocks............... K. V. Suryanarayana 
The contaminated granites of Sankaridrug, Salem District, Madras State..... 
S. Viswanathan 
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BOOK REVIEWS 


MINERALS OF NEW MEXICO by Sruartr A. Norturop, revised Edition, ee | 
665 pages, map in pocket, University of New Mexico Press, Albuquerque, New Mexico, | 
1960—price $10.00. 


In a preface of eight pages the scope and plan of the book are presented. The volume is | 
divided into two parts. Section I (80 pages) includes a summary of history of New Mexico’s | 
mineralogy and mining from 1535 to 1956, a summary list of early records of minerals and | 
changes in name or status of minerals, and a listing of minerals from New Mexico since 
1925. Other headings comprise lists of minerals and localities, recent mineral additions, | 
minerals for which quantitative analyses are available, mineral specimen list and dis- 
tricts, fluorescent minerals and those occurring in New Mexico, radioactive minerals, and a 
tabulation of outstanding minerals concludes this section. 

A second major division of part I contains economic aspects of New Mexico’s mineral 
industry which includes production figures. 

The second division of the book, section II (470 pages), gives descriptions of New | 
Mexico minerals alphabetically arranged and their localities. First the name is given with 
a brief description of its properties. This information as stated by the author is extracted 
chiefly from the Dana System. Next, localities are given by counties with brief notes as to_ 
occurrence of the minerals. A subheading in 25 pages lists districts, subdistricts, and camps — 
with notes concerning location. A map in pocket shows the location of various mining dis- 
tricts. 

The reviewer believes the book will have great value as a reference volume to geologists 
and mineralogists who are interested in minerals of New Mexico. Its bibliography of 1302 
titles including 838 authors indicates a thorough investigation of the literature by the 
author. Mineral collectors and prospectors interested in certain mineral deposits will also 
find the volume excellent for their purpose. 


EUGENE B. Gross 
Mineralogy Dept. 

Univ. of Michigan 
Ann Arbor, Mich. 


DANA’S MANUAL OF MINERALOGY, 17th Ed., by Cornettus S. Hurvsut, Jr. 609 
pages. John Wiley and Sons, Inc., New York. $11.50. 


Very little need be said concerning this well known and excellent textbook for mineral- 
ogy save to mention a few of the outstanding improvements over earlier editions. The 145 
pages on crystallography represent a thorough treatment of basic principles of the subject 
and include amongst other points improved considerations on: crystal notation; rules for 
crystal orientation; calculation of axial ratios; and «-ray crystallography. 

Much of the section on crystal chemistry has been revised, 35 pages being devoted to 
geochemical principles. These 35 pages are packed with the latest knowledge and attitudes 
concerning atoms and their forms of combination in minerals. The included periodic table 
gives atomic and ionic radii, and the structure of the atom is adequately explored. The 
effects of bonding on crystal properties is treated very well. 

There is little doubt that most textbooks are written more for teachers than for stu- 
dents. Probably no student and very few teachers could be expected to know all that is in 
this textbook at the conclusion of a course in mineralogy. The basic information included 
on crystallography and crystal chemistry, though more than a first year student of mineral- 
ogy could be expected to make an immediately available part of his mental equipment, 
does give the nonspecialist teacher the type of background to make his mineralogical 
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presentation completely modern in every respect. The modernization of the treatment of 
mineralogy by Professor Hurlbut is the outstanding accomplishment of this revision. 
This reviewer would like to suggest a few minor points which he feels might add to this 

almost superlative textbook. The reciprocal lattice concept, particularly in respect to 
Miller Indices, projections, and x-ray pictures, is not only singularly useful but also impera- 
tively needed in a modern approach to these subjects. This is missing in the revision. As 
was mentioned in this author’s review of the 16th edition, the definition of a mineral 
should be broadened to include definite physical and chemical properties thus clearly making 
‘erystallography as well as composition a distinguishing factor in defining a mineral and 
also suggesting the possibility of isomorphous variations in composition. Very few minerals 
are precise chemical elements or compounds. This would eliminate such incomplete state- 
ments as ‘consequently, the final proof of the identity of a mineral has been chemical 
composition.” Although the revision is remarkably rigorous in most sections, the reviewer 
finds the treatment of crystal systems, particularly in respect to the hexagonal-rhombo- 
hedral systems, to be slightly less than precise. It is doubtful that systems as such can be 
defined by symmetry alone, just as they cannot be defined by geometry alone. There are 
5 classes of the rhombohedral system which possess the same symmetry as 5 classes of the 
hexagonal system; but the basic building blocks or geometries are entirely different. 

C. WRoE WOLFE 

Boston University 

Boston, Massachusetts 


GEOLOGIE, MINERALOGIE UND LAGERSTATTENLEHRE, Third Enlarged Edi- 
tion, by Paut Kuxux. 354+xvi pages. Springer-Verlag, Berlin, 1960. DM 28.50. 


The first edition of this book was reviewed in The American Mineralogist, Vol. 37, 
pp. 350-351, 1952, and the second edition received notice in The American Mineralogist, 
Vol. 40, p. 935, 1955. The book still retains its general identity as an elementary, compre- 
hensive work on geology, mineralogy, and ore deposits, intended chiefly for nonspecialists 
in these fields. It has had wide favorable reception particularly for generalized courses in 
geology in mining and technical schools. 

Although the number of pages has remained about the same, the third edition book has 
been somewhat reorganized. It is divided into three main sections: Geology, Mineralogy, 
and Ore Deposits. Part I of the section on geology deals with general or dynamic geology 
whereas Part II of this section is an elementary discussion of historical geology. Similarly, 
the section on mineralogy has two parts; the first is general, and the second contains de- 
scriptions of individual species. Again, the third part starts with a general section followed 
by descriptions of various types of ore deposits, with particular emphasis on those occurring 
in Germany. Major groups of deposits described in this last part include coal, metallic 
deposits, evaporites, petroleum, miscellaneous minerals, rocks and earths, natural gas, and 
gemstones. The book concludes with a five-page bibhography. 

E. Wm. HEINrIcH 
Mineralogy Department 
The University of Michigan 
Ann Arbor, Mich. 


ROCK TO RICHES, The Story of Arizona Mines and Mining, Past, Present and Future. 
By Cuartes H. DunninG with Epwarp H. Prrrow, Jr. vilit-406 pages, Southwest 
Publishing Company, Inc., Phoenix, Arizona, 1959. 


In many ways this is a peculiar book. It is written by the combined team of Dunning, 
who is a mining engineer, and Peplow, an ex-newspaper correspondent, author and member 
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of the faculty of Arizona State University. The introductory section, called “Let’s Talk} 
About Mining,” gives a “‘short course” in economic geology and mining geology in 33 pages.| 
This is followed by the main section, which is a history of mining in Arizona, starting with 
the explorations of the Spanish expeditions in the early part of the 16th Century and con-} 
tinuing up to 1957. Part 3 includes a chapter entitled “Mining Today and Tomorrow” 
which discusses the effect of economic and political factors upon the mining industetl 
touching upon such subjects as free trade, foreign competition, nationalization, protective} 
tarifis, import quotas, and subsidies, as well as arguments for the proposal by Senator) 
Allott of Colorado to establish a U. S. Department of Mineral Resources which would be| 
represented at the Cabinet level by a Secretary. Also in this final part another chapter 
presents production statistics for the important non-ferrous metals, for minor metals and 
non-metals, and a compendium of the important mines of Arizona. The volume concludes 
with a four-page glossary and an index. 

Doubtless for the layman, particularly those who have concerned themselves in an | 
avocational or semi-professional manner with mining interests in the Southwest, this book | 
will be generally interesting. It contains, however, little information for the advanced | 
professional man or scientist other than it brings together under one cover a detailed sum- 
mary of the history of Arizona mining. To adequately present this, the significant feature 
of the book could have been greatly reduced in size. The outline maps showing mining de- 
velopment during the various periods are excellent, and many of the drawings used as 
chapter headings are striking. 

EK. Wm. HeErnricn 
Mineralogy Department 
University of Michigan 
Ann Arbor, Mich. 


NEW MINERAL NAMES 


Yoderite 


- Duncan McKie anp A. J. Raprorp. Yoderite, a new hydrous magnesium iron alumino- 


silicate from Mautia Hill, Tanganyika. Mineralog. Mag., 32, 282-307 (1959). 
Analysis of purified material (by A.J.R., FeO by J. H. Scoon) gave SiO: 36.12, TiO» 0.35, 


AO; 41.06, FesO; 0.50, FeO 4.82, MnO 0.32, MgO 12.23, CaO 1.48, Na.O 0.01, KO 0.05, 


H,0* 3.20, H:O~ 0.05, total 100.19%. Cu, Pb, Co, Ni, B, and P were looked for and found 


not to be present in significant amounts; Cu, Co, F, and B were looked for spectrographi- 


cally and not found. The analysis corresponds to (Mgo.oCao.2Feo.5Als.3)s.0Sis.0017.6(OH)2.4, 


i.e. to a substituted AlsSisOoo (kyanite, andalusite, sillimanite). The mineral is markedly 


insoluble. 

The mineral occurs in purple anhedral grains, up to 7X4 X# inches. H. 6, G. 3.39. 
Optically biaxial, positive, ms (20° C.) a 1.689, 6 1.691, y 1.715 (all +0.002), 2V (vy) =25+2°. 
Optic axial plane {010}, X:a~9°, Z:c~7°. Strongly pleochroic, X pale Prussian blue, Y 
indigo, Z light olive green; absorption Y>X>Z. 

Weissenberg and oscillation photographs show yoderite to be monoclinic, space group 
P2, or P2;/m, more likely the former, as a positive pyroelectric effect was obtained. The 
unit cell has a 8.10, 6 5.78, ¢ 7.28, all +0.05 A., 8 106+1°, a:b:c=1.402:1:1.259; the unit 
cell contains X2Si(O, OH);. Parting [001] moderately good and {100} poor. Unindexed 
x-ray powder data are given (112 lines); the strongest lines are 3.50A. (vvs), 3.03 (vs), 
2.61 (s), 2.00 (s), 1.82 (s), 3.23 (ms), 3.19 (ms), 2.91 (ms), 2.58 (ms), 2.46 (ms). 

Extra weak reflections were observed on 6- and c-, but not on a-axis oscillation photo- 
graphs; they disappear on long heating at 700-800°. The data are discussed in some detail. 

Yoderite becomes unstable at 840+ 20°; the color turns to yellow and mullite is formed, 
at 1040° indialite is formed, at about 1100° sapphirine; the latter two predominate to 1345° 
where incongruent melting begins; above 1415° only sapphirine and mullite are present. 
DTA curves by R. C. Mackenzie in oxygen and nitrogen gave, resp., endothermic peaks at 
500°, 486° and 917°, 888°, and a strong exothermic peak beginning at above 950°, above 
900°. Thermogravimetric analysis by J. R. Butler showed <0.1% loss in weight to 1050°, 
2.96 % from 1050° to 1125°, no further loss to 1200°. 

The mineral, previously thought to be glaucophane or dumortierite, occurs in quartz- 
yoderite-kyanite-talc schist at Mautia Hill, Central Province, Tanganyika Territory. 
Yoderite invariably separates talc from kyanite, rims kyanite, and includes relicts of 
kyanite. The paragenetic relations of the mineral assemblage are discussed in detail. 

The name is for H. S. Yoder, Jr., petrologist, Geophysical Laboratory, Washington, 
DE. 

MicHarL FLEISCHER 


Orcelite 


SIMONNE CAILLERE, JACQUES AVIAS, AND JEAN FaLGuErretteEs. Découverte en Nouvelle- 
Calédonie d’une mineralisation arsenicale sous forme d’un nouvel arséniure de nickel 
NieAs. Compt. rend., 249, 1771-1773 (1959). 


Analysis by Patureau gave As 31.50, S$ 1, Ni 57, SiO, 4, FexO3 0.85, MgO 3.80, H»O + 1.50, 
sum 99.65%. After deducting 9.15% antigorite, 0.85% Fe:O3, and 0.30% H20, this gives 
NixAs. (Ratio Ni/As=2.3 M.F.) G measured 6.15, corrected for antigorite 6.5. X-ray 
powder data are given (24 lines); the strongest lines are 1.977 (10), 1.918 (10), 1.810 (4), 
1.737 (4), 1.383 (4), 1.650 (3), 1.630 (3), 1.296 (3). D.T.A. study showed an exothermic 
break about 600° (400° for niccolite, 575° for maucherite). A thermogravimetric study 
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showed no loss in weight for the mineral (temperature not stated), 30% for NiAs, 167% for 
Ni;Ass. The mineral has a rose bronze color, browner than that of niccolite. Reflecting | 
powers were measured; the pleochroism is weaker than that of niccolite or maucherite. | 
The mineral was found in drill cores in serpentinized harzburgite, Tiebaghi massif, New 
Caledonia. 

The name is for Professor Jean Orcel. 

Discussion.—Dr. Gunnar Kullerud has kindly called my attention to a paper on syn- | 
thetic nickel arsenides by R. D. Heydring and L. D. Calvert, Canadian Journ. Chem., 35, | 
1205-1215 (1957). They found in this region of composition a compound Ni;_,Aso(v=0 
—().38). The powder pattern given for x=0.23 agrees closely with that of orcelite except | 
that the spacings for orcelite are smaller (0.02-0.05 A.). The pattern for material with 
x=0.23 was indexed as hexagonal (or rhombohedral), @ 6.815 +0.003, ¢ 12.498 +0.007 A, 
G. 8.55, G. calcd. 8.50. Orcelite would therefore appear to be Ni;-zAse, but note the great 
discrepancy in G. 


M.F. 


Bafertisite | 


PENG Cn’1-Jur. The discovery of several new minerals of rare elements. Ti-chih K’o-hsueh, 
10, 289 (1959) (in Chinese). 


Partial analysis of the mineral gave SiO» 23.68, TiO: 15.39, NbsO; 0.84, FeO 22.56, BaO 
29.98%, corresponding to BaF e,TiSixO 9. It occurs in aggregates of acicular crystals 1.5 
cm. long. Orthorhombic, a 7.55+0.01, 6 10.98 +0.02, ¢ 5.36+0.01 A. One distinct and one 
poor cleavage. The mineral is bright red, yellowish-red to light brown in color. G. 3.96-4.25, 
H. about 5. Optically negative, ms a 1.808, y 1.860, 2V 54°. Pleochroic with X yellow red, 
Z pale yellow, absorption X>Z. The mineral occurs in hydrothermal veins; it is associated 
with aegirine, fluorite, barite, and bastnaesite. 

The name is presumably for the composition. 

Discussion.—Apparently distinctly different from taramellite (Am. Mineral. 44, 470 
(1959)), which is of somewhat similar composition. Assuming Z=2, G. calculated for the 
given composition and unit cell is 3.8. 

MIcHAEL FLEISCHER AND E. C. T. CHAO 


Pao-t’ou-k’uang 


PENG Cn’r-Jur. The discovery of severa] new minerals of rare elements. Ti-chih K’o-hsueh, 
10, 289 (1959) (in Chinese). 


Analysis gave SiO» 14.17, TiO, 29.33, Nb2O; 11.5, Fe2O3 3.07, BaO 37.55, Cl 2.01, sum 
(not given) =97.63—(O=Ch) 0.45=97.18%. This corresponds to Ba(Ti, Nb, Fe):SiO:. 
The mineral occurs in tetragonal crystals up to 8-10 cm. in size. Two cleavages. Tetragonal, 
a 19.2, ¢ 5.98 A., space group J 4,/a. Color light brown to black, luster vitreous. G. 4.42, 
H. 6. Uniaxial, positive, ms w 1.94, € 2.16. Strongly pleochroic with 0 colorless, E dark 
brownish to light greenish-yellow. The mineral occurs with galena and pyrite in a quartz 
vein in Proterozoic strata; the wall of the vein contains sodic feldspars and alkali amphi- 
boles. The vein is related to Hercynian alkali granite and syenite. 

Discusston.—Assuming Z=16, the calculated G. for the given composition and unit 
cell is 4.69. 

M.PS AND, E.G. INCe 
Feng-huang-shih 


PENG Cn’1-Jur. The discovery of several new minerals of rare elements Ti-chih K’o-hsueh, 
10, 289 (1959) (in Chinese). 
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This is a brief news note. 

The mineral occurs with melanite and aegirine in urtite as aggregates of hexagonal 
prisms. Single crystals are about 0.1 mm. long. Analysis gave SiO» 13.76, P.O; 6.32, CO» 
2.62, ThO: 19.64, CeO. 12.98, Z(Ce)20; 20.07, CaO 10.43, H:O+ 5.49, sum (not given) 
91.31%, corresponding to (Ca, Ce, La, Th); [(Si, P, C)Ou]3(O, OH). Strongly radioactive, 
metamict. Color yellowish brown, luster greasy. H. 4.5, fracture conchoidal. G. 3.327. 
Mostly isotropic, partly anisotropic, uniaxial negative, n variable 1.65-1.75. Interference 
color grayish-yellow, extinction parallel, elongation negative. After ignition for 2 hours at 
800° C., the mineral gave an x-ray powder pattern corresponding to a unit cell with a 9.58, 
c 7.01; systematic extinctions for 00.1 with 1=2n+1, possible space groups P63 or P63/m. 

Discussion.—Evidently a thorian variety of britholite (apatite structure). The name 
is unnecessary. The specific gravity is evidently much too low. 

IME 18 Zuspoy Ie, (Op, ADS (Cr 


Shen-t’u-shih 


PENG Cu’1-Jut. The discovery of several new minerals of rare elements. Ti-chili K’o-hsueh, 
10, 289 (1959) (in Chinese). 


Partial analysis gave SiO» 15.83, P20; 5.16, AsoO; 3.62, CO2 1.85, ThO» 52.79, Fe.O; 8.21” 

Cao 2.71, 2Ce20; 2.06, (Nb, Ta)20; 1.16, H.O*+ 3.38%, said to correspond to (Th, Fe, Ca? 
Ce) [(Si, P, As)Os, (CO3)(OH)], a variety of thorite. Strongly radioactive. Mostly metamict? 
isotropic, partly anisotropic, m ranges from 1.68 to 1.78. The x-ray pattern of material 
heated to 800° resembles that of thorite and corresponds to a 7.08, ¢ 6.25 A. Blocky or 
short prismatic, color chocolate. G. 4.25, H. 4.5. Occurs in quartz veins related to alkalic 
rock. 

Discussion.—An unnecessary name for a variety of thorite or thorogummite. 

M.F- AND_E..C-1.C. 
Jiningite 
CHENG-CHI Ko. Jiningite, a new variety of thorite. Kexwe Tongbao (Scientia) 1959, No. 6, 

p. 206-207 (from an abstract kindly prepared by E. C. T. Chao). 

Analysis gave SiO» 7.13, P.O; 6.08, V2.0; 0.97, ThO: 44.83, U3;0s 0.46, ZrO» 0.95, rare 
earth oxides 1.84, PbO 0.52, CaO 7.43, MgO 0.49, MnO trace, FesO3 17.28, AlOs; 1.48, 
H,O+ 7.05, H,O~ 2.84, sum 99.35%. The mineral is reddish-brown, turning yellow when 
heated. Soluble in hot phosphoric acid. G. 4.0108. It was found in muscovite granite, Inner 
Mongolia, associated with zircon, microcline, quartz, muscovite, garnet, and thorianite. 
Apparently given a name because of the high Fe,O3 and V2.0; content. The origin of the 
name is not stated; Dr. Chao suggests that it may be a locality name. 

Discussron.—An unnecessary name for a variety of thorite or thorogummite. 

M.F. 
Delrioite 
M. E. Tuompson AND A. M. SueERwoop. Am. Mineral., 44, 261-264 (1959). 


Hellyerite 
K. L. Wirirams, I. M. TureapGorp anp A. W. Hounstow. Am. Mineral., 44, 533-538 
(1959). 
Ningyoite 
T. Muro, R. Mryrowirz, A. M. Pommer, anp T. Murano. Am. Mineral., 44, 633-650 
(1959). 
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Haiweeite 


T. C. McBurney AND J. Murpocu. Am. Mineral., 44, 839-843 (1959). 


Unnamed (Cobalt analogue of Pentlandite) 


Oxavi Kouvo, Marya Huuma, AND YRJO VUORELAINEN. Am. Mineral., 44, 897-900 (1959). | 


Gowerite 
R. C. Erp, J. F. McAuurster, AND H. Atmonp. Am. Mineral., 44, 911-919 (1959). 


Honessite 
A. V. Heyt, Cuartes Mitton, anp J. M. AxeLrop. Am. Mineral., 44, 995-1009 (1959). 


Schuetteite 
E. H. Battey, F. A. Hitpesranp, C. L. Curist, AND J. J. Fanry. Am. Mineral., 44, 1026- 
1038 (1959). 
Yavapaiite 
>. O. Hurron. Am. Mineral., 44, 1105-1114 (1959). 


lm 


Wurtzite-10H, Wurtzite-8H 
. T. Evans, Jr. AND E. T. McKnicut. Am. Mineral., 44, 1210-1218 (1959). 


en 


DISCREDITED MINERALS 
Delorenzite (= Tanteuxenite) 
J. R. Burter anp P. G. Emprey. Delorenzite is tanteuxenite. Mineralog. Mag., 32, 308- 
313 (1959). 


Analysis of material from the type locality shows that the original analysis published 
by Zambonini (1908) (Dana’s System, 7th ed., Vol. I, p. 808) is incorrect, Ta,O; 36.4 and 
Nb.O; 4.45% having been reported as TiO:. The newly determined sp. gr. (5.68) and the 
composition are close to those of tanteuxenite and an «-ray powder photograph is stated 
to be virtually the same as that of tanteuxenite. 


M. F. 
Uigite (= Thomsonite) 
Jessie M. Sweet. A re-examination of uigite. Mineralog. Mag., 32, 340-342. 


Optical and «-ray study of type uigite (Heddle, 1855; Dana’s System, 6th Ed., p. 532) 
shows it to be thomsonite. Heddle’s analysis was probably made on a mixture of thom- 
sonite and gyrolite. 


M. F. 
Manganomossite (= metamict Columbite) 
C. O. Hutton, Am. Mineral., 44, 9-18 (1959). 


Revoredite 


C. Mitton Anp B. INGRAM. Am. Mineral., 44, 1070-1076 (1959). 


Pay WN?) 
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LISTING OF FINE MINERAL SPECIMENS 


’ 


RUBIES IN CHROME DIOPSIDE MATRIX (Belgian Congo, Africa) Two 1” 
flat hexagonal crystals imbedded in matrix. Very showy—$50.00 


‘BARITE CRYSTAL GROUP (Palos Verdes, Calif.) One of the largest ever found. 
| 9x16 brown crystal group—$75.00 \ 


KYANITE GROUP (Minas Geraes, Brazil) 7x12 fine massive crystal group—$17.50 


BERYL var AQUAMARINE CRYSTAL (Brazil) Fine 6x5 green-blue opaque 
erystal—$45. 00 


‘ZIRCON CRYSTALS IN MATRIX (Ontario, spe eae Two long crystals in 6x9 
‘matrix. Very fine specimen—$40.00 


AQUAMARINE CRYSTAL (Brazil) Green mostly emmy 11,5214 erystal 172 
grams—$165.00 


FIRE OPAL (Virgin Valley, Nevada) 134x2% fire opal limb section—$75.00 


CUPRITE AND SOME COPPER CRYSTALS. (Santa Rita, New Mexico) Bright 
(2x4 4 crystal specimen—$15.00 


MINERALS FOR COLLECTIONS & STUDY 


APATITES IN LIMESTONE MATRIX (Iron Mountain, Durango, Mexico) Fine | 
yellow crystal specimens—$1.00, $1.50 and $2.00. Single crystals—25¢, 50¢ & 75¢ 


KYANITE CRYSTALS (Brazil) Blue crystal blades up to 3”—50¢, 75¢, $1.00 ea. 


SAPPHIRE CRYSTALS (Mozambique, Africa) Blue opaque crystals, Up to 2x3” 
‘specimens—$1.50, $2.50 and $3.00 each 


RUBY CRYSTALS (Ampanihy, Madagascar) Up to 1” flat hexagonal crystals— 
75¢, $1.00 and $2.00 each 


QUARTZ CRYSTALS WITH INCLUSIONS OF PHANTOMS, ETC. (Brazil) 1” 
to 2%4 crystals showing 1 or more phantoms and sometimes other inclusions—75¢, 
$1.00 & $2.00 


“CHINESE JADE” JADEITE (Mogaung Upper Burma) Cores and cuttings from 
Hong\ Kong from Jade cutting factories—$5.00 per lb.; 3 lbs. $12.00 


SPODUMENE var TRIPHANE (Brazil) up to 1” crystals partly clear—3 for $1.00 


SEND FOR LISTINGS—WE ARE BUYERS OF COLLECTIONS 


SHALE’S 


9226 W. Pico Blvd. Los Angeles 35, ‘Calif! 
Phone CR-6-8222 


i 
\ 


Recent acquisitions include several rare and new species for this noted California 
locality, Take advantage of this opportunity to secure a splendiq study collectior | 
of over 14 different species. 


Set of 14 Crestmore minerals averaging 2” SU uM deseo oh ees $25.0 
Set of 14 Crestmore minerals averaging 3”x 4” ...... Ate ds ote Manaveme $55.0 


Individual specimens are available as follows: 


Afwillite. Small crystal prisms, etc., some woodfordite, on 


A completely new concept 


UME WEIN tes LOCK 5 2. chee clea hak loses Sina ober tia Mt aaa total eaehe eee a: a $3.00 $5.00 $7.50 
Calcite, Blue coarse crystalline ....¥....5.4... pedeceereee 2.00 4.50, 7.00. 

' Ellestadite. Yellow crystals with monticellite, etc. in calcite 3.00 5.00 7.50 
Forsterite. Gray with small spinel crystals ......... Pa SPAIN aR alts ee 4) 7.00 Hi 
Foshagite. White fibrous on monticellite ....,.6. 0000.05 3.00 5.00 7.500) 
Huntite. Chalk white massive vein with brucite, deweylite , : 
AIT POGKN SSuherahdrc hole hve: tata apes Boy aiet Ketan et atartia 6: sates) Seenare 3.00 5.00 
Idocrase (vesuvianite). Greencrystalline ..............0. 4250) 3.00 6.00 
Monticellite. Light brown massive . oh eceseeeceeceeees PA I2I50 25 OF 7.00 
Riversideite. White fibrous with idocrase .............66 2.00 5.00)! 4 
Scawtite Small clear crystals with square outline with plom- 

Piertein: merwinite Tock? , Pk slats telere's opis ok arena eae ty 3.00 5.00 7.50 
Tilleyite,/Blue.gfay choice ctrystalliie J. 5.0.56. eS. GN ik 3.00 5.00 7150. 
Tobermorite (Crestmoreite). White fibrous with calcite. ... . 2.00 4.00 | : 
Wilkeite. Yellow aggregates in calcite Lod... ee ee ees \ 2:00 4,50. {ra 
Woodfordite. Small crystal Pen with afwillite in mer- | 

WALES H TOCKAT ccs ay ik yc bento Braye lolol Path Miccdls ale inmse gests 3,00 5300/71/')) 7250) 

POLISHED ORE SECTIONS DY ees hi 


for the study of opaque minerals under the microscope. Mounted 


on a standatd petrographic slide, each polished section consists of a large number of grains 


| of one mineral embedded in polystyrene ester and surrounding a larger piece of the ore. The 


student can study the properties of the mineral on the small grains\and perform scratch and 
etch tests without harming the large piece of the ore in the center. The slab on each slide 
is sufficiently thick to permit re-polishing several times. The set includes: arsenopyrite, 
bornite, chalcocite, chalcopyrite, cinnabar, covellite, cuprite, enargite, galena, nak 
niccolite, pyrite, pytthotite, sphalerite, stibnite, tetrahedrite. 


MC 250 Set of 16 in four 


Prices are list at Rochester, 


handy slide hokders\. 1... Gide ale deielemte Se Bape eRe $60.00 
New York. 


WARD?’ 


NATURAL SCIENCE ESTABLISHMENT, INC. 
P.O. BOX 1712 . ROCHESTER 3, N.Y. 


\ 


GEORGE BANTA COMPANY, INC,, MENASHA, WISCONSIN, U.S,A. 


